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The National Policy on Education (NPE) 1986 has emphasized the need for 
qualitative improvement of school education particularly in the area of Science 
and Mathematics Education, The Government of India has already initiated a 
number of steps in this direction The National Council of Educational Research 
and Training (NCERT) has been assigned the responsibility of developing a new 
curriculum and related curricular materials m line with the new education policy 
to serve as a model for the States and the Union Territories to adopt adapt 

The Council set up an Advisory Committee under the chairmanship of Prof. 
CNR Rao, Director, Indian Institute of Science, Bangalore, and Chairman of 
the Prime Minister’s Scientific Advisory Committee, for developing instructional 
package in science and mathematics from upper primary to senior secondary 
stage On the advice of the Committee, different writing teams headed by eminent 
scientists were formed At senior secondary level Prof. Rao accepted the invitation 
of NCERT to work as the chairman of Chemistry Writing Team and to take the 
responsibility of developing curriculum package in Chemistry. The Chemistry 
Writing Team consisted of distinguished Chemistry experts from universities, 
research institutes and NCERT 

The writing team, while developing the present syllabus and the textbook, 
considered the feedback regarding syllabus and textbooks in vogue. After the 
textbook was developed, it was exposed to a teachers’ workshop to have their 
comments and suggestions. Suggestions of the teachers were incorporated, 
wherever possible, before the final manuscript was sent for publication 

I am indeed veiy thankful to Prof C. N. R Rao, who took the leadership of 
Chemistry team and provided valuable guidance to his team of authors and 
finally edited the manuscript with Prof. K V, Sane and Prof, R D. Shukla 1 am 
grateful to Prof. V Krishnan, Prof. B Venkataraman, Prof. K. V. Sane, Prof. S. 
S. Krishnamurthy, Dr M Nagarajan, Dr K N. Ganesh, Prof R. D. Shukla, Dr 
V. N. P. Srivastava, Dr Puran Chand, and Dr B, Prakash who authored 
different parts of the book My colleagues in the Department of Education in 
Science and Mathematics, Prof R. D. Shdkla (Coordinator) Dr V. N P. 
Srivastava, Dr Puran Chand and Dr B. Prakash took a lot of pains in shaping 
the manuscript in the pressworthy form and saw it through the press, I am 
grateful to all of them 
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express my thanks to Shri C, N Rao, Head, Publication Department, and his 
publication team for making all efforts in bringing out this book in a good form. 

Curriculum development is a highly challenging task. No one can claim to have 
developed a perfect curriculum or curricular materials, Although Prof. C N. R 
Rao and his competent team members did a very good job of writing this book in 
line with NPE, there can always be some scope for further improvement. I, 
therefore, request all those who will be using this book to evaluate the materials 
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In this introductory book, we have expounded the principles of modern 
chemistry in the simplest possible language and also illustrated how chemical 
systems behave and react. More importantly, we have indicated, wherever possible, 

how chemistry works for man. In presenting chemistry 
in this manner, we have adopted several strategies 
We have given analogies and solved examples; we 
have also shown how principles come about by 
describing simple experiments The strategy has varied 
with subject matter. We hope to review this book after 
receiving the reaction from students and teachers to 
this trial edition In the meantime, we hope the book 
will be found useful by students and teachers whose 
response is of great value to us. 

Chemistry deals with the preparation, properties, 
structure and reactions of material substances, Since 
diverse substances are present in Nature and in every 
day life, the scope of chemistry is immense. Chemistry 
has interfaces with all scientific disciplines and a 
knowledge of the subject is essential for understanding Nature as well as for the 
progress of society. A well-trained chemist can not only contribute to the growth, 
of chemical science and industry, but also to other emerging areas of science such 
as biotechnology and materials science. The future of our society will depend on 
the availability of such chemists, There is no better way to describe the indispens¬ 
able role of chemistry than to quote from a lecture delivered by Nobel Laureate 
George Porter some time ago 

Throughout history, the tot of most of mankind has been rather miserable, Until a few centuries 
ago it was really slavery and into the last century, although legally free, most men and women had to 
labour so hard to earn a living that they were effectively slaves to their work, Different professions 
have had different approaches to this problem, As (Nobel Laureate) Max Pcrutz has put it "The priest 
persuades the humble people to endure their hard lot, the politician urges them to rebel against it and 
the scientist thinks of a method that does away with the hard lot altogether" 

No branch of science has done more, or promises more, in this respect, than 
chemistry It has provided a cornucopia of good things, both of necessities and 
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luxuries, which have improved our health, and our wealth and also, I believe, our 
happiness. Man is himself a biochemical system living in a chemical world. His 
health has been improved out of all recognition by better nutrition, better hygiene 
and by the drugs which have doubled his lifespan, relieved pain and made it 
possible for many handicapped people to lead a more normal life. 

His wealth, judged in terms of the general availability of the necessities of life, 
is many times what it was even a few decades ago. This is particularly true of the 
wealth of food now available m countries which, only a few years ago, were poor 
to the point of starvation. 

Most people today would also class as necessities the plastics, fibres and 
paints which have made it possible for everybody to be well clothed (though not 
all may want it!) and to live in a bright, clean environment without having to 
employ the labour of others to keep it so 

The luxuries, which are also fast becoming universal, often owe as much to 
chemistry as to the other technologies This is obvious of such things as motor 
fuels, cosmetics and dyestuffs but it is also true of electronic devices of every 
kind, and mechanical, labour-saving appliances. Some of the largest manufac¬ 
turers of heavy electrical equipment employ more chemists than physicists and, on 
the newer and lighter side, the silicon chip is a highly purified chemical element 
treated with other elements in a very sophisticated, chemically pure environment. 

But perhaps the most successful of all, over the last two or three decades, has 
been the contribution of chenustiy to agriculture, The Green Revolution did 
exactly what the king of Brobdingnag of Gulliver’s Travels had asked for and 
“made two ears of corn or two blades of grass grow where only one grew before” 
and those who brought it about, according to the king, “would deserve better of 
mankind and do a more essential service for the country than a wh jle race of 
politicians put together”. This was a proud achievement of chemistry, depending 
heavily on fertilizers and new insecticides, plant growth substances and the like. It 
is a huge industry The world production of plant food has increased threefold in 
the last 20 years India is effectively self-sufficient in food. 

We hope that we have succeeded, at least partly, in presenting the flavour of 
modern chemistry in this book. We look forward to the suggestion of students 
and teachers for improving the text 

C N.R Rao 
Chairman 
Chemistry Writing Group 
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UNIT 11 


RATES OF CHEMICAL REACTIONS 


Since it is Nature’s law to change, 
Constancy alone is strange. 


OBJECTIVES 


In this Unit, we shall learn 

* to express the rate of a chemical reaction; 

* the various factors affecting the rate of a chemical reaction; 

* the meaning of energy of activation of a chemical reaction; 

* the effect of a catalyst on the rate of a reaction. 
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WHETHER A reaction will proceed in a particular direction and to what extent is 
decided by the tendency to decrease energy and to increase disorder. We saw earlier 
that there should be. a decrease _in_ free energy (AG<0) for the reaction to be 
spontaneous. Even though there may be a decrease in free energy, reactants do not 
always ^proceed to form products instantaneously and it is observed that different 
reactions take place at different rates. The rate of formation of products or the rate 
of disappearance of rehctants depends mainly on the rate at which molecules of the 
reactants encounter each other,and on the temperature of the system In this Unit, 
we shall attempt to understand the reasons for this dependence, and how experi¬ 
mental variables, such as concentration of reactants, particle size, temperature, the 
presence or absence of a catalyst determine the rate of a reaction 

11.1 RATE OF A REACTION 

The rate of disappearance of reactants can be experimentally measured, so can we 
determine the rate of appearance of products. The rate of a chemical reaction can be 
/expressed as The amount of reactant used up m a given time or the amount of 
j product formed in a given time. For example," in the reaction between acetic acid and 
methanol in aqueous solutionTo form methyl acetate 

CH3COOH (aq) + CH3OH (aq)-- CH3COOCH3 (aq) + H 2 0 ( 1 ) 

we can measure the rate of the reaction by determining the rate at which acetic acid 
disappears or the rate at which methanol disappears or the rate at which methyl 
acetate forms. A convenient unit to express the rate is moles per second (mol sec"" 1 ) 
or to state in terms of concentration, mol litre~‘sec^ 

Example 11,1 

In a typical experiment earned out at 298 K, 500 cm 3 of 1M solution of acetic 
acid was mixed with 500 cm of 1M solution of methanol and the concentration of 
acetic acid and methyl acetate wfere determined as a function of time The observa¬ 
tions are given below: 

Temperature = 298K 


Time 

(seconds) 

Concentration of 
acetic acid 
(mol L~ l ) 

Concentration of 
methyl acetate 
(mol If 1 ) 

0 (Time of mixing) 

0 500 

0 

2 

0.442 

0.054 

4 

0.405 

0.101 

6 

0 372 

0.135 

8 

0.338 

0.I65 

10 

0 321 

0 182 

12 

0.290 

0 211 

14 

0 275 

0 225 

16 

0,258 

0 242 
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Time 

(seconds) 

Concentration of 
acetic acid 
(mol L~') 

Concentration of 
methyl acetate 
(mol L ') 

18 

0 241 

0.261 

20 

0 228 

0.271 

25 

0.201 

0.292 

30 

0.181 

0.322 

35 

0.163 

0.336 

40 

0.148 

0 352 

45 

0 137 

0.366 

50 

0 125 

0 375 

60 

0 110 

0 392 

70 

0.098 

0.404 

80 

0 088 

0413 

90 

0.080 

0 425 

100 

0.073 

0 428 

110 

0 065 

0 430 

120 

0 058 

0 440 


We plot the concentration of acetic acid and methyl acetate as a function of time 
and obtain Fig. 111. 



Fig 11.1 Plot of concentrations of ncetic acitl and methyl acetate a\ afimttum of time 
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The rate of the reaction is the rate of disappearance of the reactant (acetic acid) 
or the rate of foimation of the product (methyl acetate) The instantaneous rate at 
any time is given by the slopes of either of the two curves at the points corres¬ 
ponding to the time and this is done by drawing the tangent to the two curves and 
calculating the slopes of the tangents. The following points should he verified 

(1) ' The amount of acetic acid reacted = the amount of methyl acetate formed at 

any given time 

(2) The rate of disappearance of acetic acid = the rate of formation of methyl 
acetate = the rate of reaction 

(3) The rate of reaction is not constant but decreases with time. It is also possible 
to calculate an average rate at a given time from the data given by taking the 
difference in concentrations at two equidistant points in time and calculating 
an average rate of change, For example, to calculate an average rate at 10 
seconds, we take the reading at 8 and 12 seconds and divide by 4. The rate of 

disappearance of acetic acid = ^0 _ 290 _ q.oh mol L' l s 1 The rate of 

appearance of methyl acetate = 0,211 = 0,012 mol l, 's 1 

The following table is to be constructed from the data fill in the blanks: 


Time Amount of Amount of Instantaneous rate of Average rate of 


(111 

seconds) 

acetic acid 
i eat ted 
(mol L~'j 

metltvl 
at elate 
formed 
(mol U') 

reaction final L~') 

reaction (mol I ') 

Raie of chsappeat- 
ante of acetic 
acid 

lime offorma¬ 
tion of methyl 
acetate 

Rate oj disap¬ 
pearance oj 
acetic acid 

Rate ol formation 
oj methyl 
ac elate 

10 

0 179 

0.182 

0 0111 

00114 

0012 

0 012 

20 

0 272 

0 271 

— 

_ 



40 

0 319 

0 322 

— 

- 

0 0026 

0 0020 

60 

0 390 

0 392 

— 




80 

0412 

t 

0.413 

- 

- 

0,009 

0.0010 

100 

0,427 

0,428 

0,0075- 

0,0075 

0.00075 

0.00025 

120 

0.442 

0 440 

- 





Another method to estimate an average rate of the reaction, is to find out the 
time taken for a ceitain per cent (say 10%) of the reactant to disappear and 
construct the following table and then calculate the average rate of leaction as the 
concentration changes 


RATES OF CHEMICAL REACTIONS 


313 


"c team’d 

Amount ot at mu tit itl 
rent ted (mol l ~' 1 

/ mu’ taken 

N 

A verage tme ti/ teat lion 
(moi /;' Cl 

0-10 

0 05 

1 7 

0 029 

10-20 

0 10 

2 5 

0 020 

20-30 

0.15 

3 0 

0 017 

30-40 

0 20 

4 2 

0 012 

40-50 

0 25 

48 

0 (110 

50-60 

(1 30 

88 

0 0057 

60-70 

0 35 

15 0 

0 0031 

70-80 

0 40 

27 5 

0 0018 

80-90 

0 45 

68 0 

0 00073 


Most icactions slow down as they proceed (When do exceptions occur’—when 
the product can catalyse the reaction) This is a direct consequence ol the (act that 
reactions can occur only on the encountei of reactant molecules an d the late ol 
encounter will decrease with decrease in the concentpat i on_o f_thc~rcactants. Since the 
reaction rate is not constant, it is meaningless to talk about the late ol reaction 
between methanol and acetic acid unless we specify concentt ation and lempeiatuie 
To compare rates of different reactions we could compaie the Kites at a spccdied 
concentration of reactants (say 1 mol l/ 1 for all the reactants) oi compare the times 
it takes for the reactions to go to completion when we start with the same concentra¬ 
tion of reactants. The second method is difficult since most reactions slow down as 
they proceed. One, therefore, compares the times it takes lor the icactions to 
proceed to a definite stage, say 98 per cent completion This time is denoted as the 
reaction LIFETIME T he shorter the reaction life t ime,the fa.stei the ica ction. A 
modification of this method is to compare the time it takes loi the tcuclion to 
proceed midway (50% completion) 

In our example above, determine the time for the reaction to proceed midway 
and the leaction life time (98% completion). 


11.2 INSTANTANEOUS RATE OF A REACTION AND ORDER OF A 
REACTION 

In the previous .section .we noted that the rate of reaction decreases with time since 
the concentration of the reactants keeps decreasing with time. We determine the 
instantaneous rate by measurfng the slopes of tEe fahgehts’tcf the curves (Fig 11.1) 

at thaUns tanf of time, ' . “ * 

For a particular reaction 

A+B-C+D 

we can express the rate of reaction as the rate of decrease of A or of B 
or as the rate of increase of C or D. 

The Hiffp. r p.nt rafps arp idemir.aL.if- t he strx mhio4aeLnii_cQ efficients of the differe nt 
sp ecies participating vri..rhe...rea ctin.ii^.i a_the same . (For example, the stoichiometric 
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coelficients of all the species A, B, C, D are unity in the above ifactum ) However,if 
AIB-2C, 

then the rate ol disappearance of A = rate of disappearance of B “ 1/2 (rale of 
appearance of C) In most cases, these rates are some functions of con- 
centration of the reactants, In simple cases, they can be wiitten as, rate of 
reaction = k c A ca. where c A and c» arc concentrations of reactants and x and y 
represent the powers to which ihe concentrations arc raised, k js _iL£OaxLanL.cailpd 
the raii < ONSI A.vi We call x and y as the ordei ol the reaction with respect to 
r eactant A and B respectively . For example, it may be found that 

Rate = k (c A )' (ciif' 

Then we say that the reaction is fust order with icspeet to reactant A and second 
order with respect to reactant B and the Ov erall order is 3 ] 

11 3 FACTORS AFFECTING THF RATE Oh A RI AC I ION 

We have stated that the iate of leaction between two teactants depends on the rate 
of encounter between the molecules of the reactants li three react ants'are involved 
in a reaction, simultaneous encounter of thice molecules is a vciy rare process and 
very often the overall reaction in such cases is the result of two or mote simpler 
processes, each involving not more than two molecules We shall not consider such 
complex cases Noi shall we discuss those cases where only one reactant is involved 
such as in the decomposition or the isomerisation of a reactant: 

NjOs (g)-* NiQj (g) + i Oj (g) 

cts - 2 - butene-* trans-2-butcne 

y 

'•Even m such systems, molecular collisions are involved, but we shall avoid considera¬ 
tion of such cases in this book Those experimental *’ •’ ■ e of 

enco unter between reactant molecules wouIcTT fius aff. . 

113 1 Factors Affecting Rate of Encounters between Reactant Molecules 

(1) Concentration of reactants 

In three test tubes we take the following 

5 cm’of 1 M hydrochloric acid solution 
2,5 cm 1 of 2 M hydrochloric acid solution 
10 cm 3 of 0,5 M hydrochloric acid solution. 

A magnesium wire (3 cm length) is cleaned and cut into three pieces of equal length 
(about 1 cm), Let us compare the rate of evolution or gas bubbles. Although we 
have started with the same number of moles of hydrochloric acid in each case and 
we have also added almost equal amounts of magnesium to each test tube, we find 
that the rate^of evolution of gas is faster with the more concentrated solution of the 
acid (2,5 cm of 2M HC1) Is it possible to explain this effect in terms of the rate<oX 
encou nter b etween the reacting molecules? -— —~r~ - "" 
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We reach the conclusion that an inc rease in concentra tion of j^actants increases 
the rate of the reaction 

In reactions in the gas-phase, increase in pressure of the reactant gases should 
increase the rate for the same reaction The number of molecules per unit volume 
increases with increase in pressure and the rate of encounter between reactant 
molecules would hence increase 

(2) Increasing the possibility of molecules of reactants coming near each other 

In two watch glasses (about 8 cm diameter) let us make a heap of one gram of 
potassium permanganate. In the first watch glass, we shall choose as large crystals as 
possible to make up the weight. The potassium permanganate in the second watch 
glass is finely powdered using a pestle and mortar before making up the heap. To 
each watch glass we add two drops of glycerol on the top of the heap We shall 
observe that in the latt er case the reaction proceeds violent ly (caution, heat and fire 
are involved). 

Let us compare the times taken to dissolve 1 g of crystals of sugar (rock candy— 
kadisakkar) and 1 g of powdered sugar in 100 cm 3 of water. 

In both cases it is observed that the rate of the process is increased whe n the 
particle size of the solid state is decreased This is easily explained when we consider 
the surfacT'areFof the solid in contact with the liquid under the two conditions. To 
illustrate this point, consider the following three cases- 

1. For.a cube of dimension (4 cm X 4 cm X 4 cm) 

The total surface area = 4X4X6 faces = 96 cm 2 
Total volume = 64 cm 3 

2. For 64 cubes of dimension (1 cm X 1 cm X 1 cm) 

The total surface area = 64 X 6 cm 2 = 384 cm 2 
Total volume = 64 X 1 cm 1= 64 cm 3 

3 For 64000 cubes of dimension (0 1 cm X 0.1 cm X 0.1 cm) 

The total surface area = 64000 X 6 X 10~ 2 cm 2 = 3840 cm 2 
Total volume = 64000 X 10cm 3 = 64 cm 3 



(a) surface area = 6X4X4 = 96 cm 3 
volume =4X4X4 = 64 cm 3 



(b) surface area = 64X6X1X1 cm 3 = 384 cm 3 
volume = 64X1X1X1Xcm 3 = 64 cm 3 


Fig. 11 2 The diagram depicts how decreasing the particle size of a wild (keeping tM total volume constant) 
remit r in an increase in area 
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This calculation demonstrates that decreasing the particle size of a solid (keeping 
the total volume, and hence the mass, constant) increases the area of contact 
between the solid particles and their surroundings .Sy stems where the re actants are 
n ot uniformly dispersed in each other are knovvn as HETEROGENEOUS SYSTEMS In 
heterogeneous systems the rate of reaction will depend upon the area of contact 
between the reactants. In a solid-gas or solid-liquid system, the fineness oTThe solid 
particles determinesThe late of the reaction—theJinecJ±i &. particle the faste r the rat e. 
This principle is used in the manu facture, .of ex plosiv es and rocket fuels One of the 
common industrial accidents is the explosion that occurs when an inflammable 
substance is hnely dispersed in a room . 

A corollary to our discussion is that t wo reactants will react faster when the 
reaction is " ‘ ' " • ; - ’ • this leads to.the- 

max imuTT".' _ ._;_ _ ' es. Increasing the 

fi neness of the solid sample Is an attempt to decrease the heterogeneity of the 
re action mixture A reaction will proceed'TaSter If the reactants aie mixed in the 
liquid phase (or solution phase) than when carried out under heterogeneous condi¬ 
tions, provided the concentrations are the same, Let us perform the following 
experiments to illustrate this principle: 

(a) On a layer of 0 5 g of lead nitrate crystals spread a layer of 0 5 g of potassium 
iodide crystals 

(b) ‘Grind separately 0.5 g of lead nitrate and 0.5 g of potassium iodide to a fine 

powder and mix them well with a spatula or spoon 

(c) Dissolve 0 5 g of lead nitrate and 0.5 g of potassium iodide separately in 5 cm 3 
of water (in each case) and mix the two solutions. 

The rates of formation of lead iodide in the three cases would be found to 
increase from (a) to (c). 

It is common knowledge that one stirs tea to dissolve the sugar quickly The 
same is true when we mix two reactants, 

To sum upj^jJfe'rate of a reaction is decided by the rate of encounter between the 
reactant molecules' (a) in case of solid-liquid or solid-gas heterogeneous systems 
decreasing the particle size of the solid and thus increasing the area of contact 
between reactants increases the rate^b(fTncreasing the concentration of reactants in 
solution or increasing the pressure of gases increases the rate, (c) stirring or mixing 
two reactants also increases the rate because of increased dispersion of one reactant 
|species in the other 

11 3.2- Effect of Temperatuj^on the Reaction Rate 

One obvious way to increase the energy of the reactant molecules is to increase the 
temperature at which the reaction is carried out. We know that the kinetic .f* npr gy - n f 
the-uno jecules^ increases with increase in temperatu re Increase in temperature also 
leads to increase in lh&_ial£_ oLc ollisions between~mo le cules and the rate o fldiffusion 
of molecules,and should therefore automatically lead to an increaseTn reaction rate. 
However, a simple calculation shows that the magnitude of the increase in the""rate 
of a reaction is very much more than what we would predict from the kinetic theory 
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which tells us about the rates of collisions and rates of diffusion. 

Let us assume that we changed the temperature of a reaction from 21° to 37° C , 
i.e. from 300 K to 310 K. Kinetic theory predicts that the average kinetic energy 
is proportional to the absolute temperature Hence the increase in kinetic eneigy 


10K 

300K 


X 100 = 3 3% 


Since the kinetic energy of a molecule is j mv 2 , where m is 


the mass of the molecule and v its velocity, the velocity of the molecules is increased 
by s/3~3 % i.e , 1.8%. Since the r ate of encounter between molecules is direct)^ 
p roportional to their speeds, we should expect that the rate of reaction is increased 
by 1.8% when we change the temperature by 10K near 300 K This predicted 
change is much smalle r_than the two-to five- fold mcrejase in reaction rates observed 
in most reaction s, for ^.n_inci.ease.»of TQK in temperature near .300 K We theiefore 
conclude that incre ase in the rate of encounters is not the o nly thing that affects the 
rate of reaction.when the temperature of the reaction is increased. 

A very simple experiment can be performed to demonstrate the effect of tempeia- 
ture on the rate of reaction Let us take three 100 cm 1 beakers containing 30 cm’ of 
0.5 M oxalic acid solution to which 5 cm 3 ol dilute sulphuric acid has been added. 
One of the beakers is kept in a bath ol ice and water and the other at room 
temperature, The third one is warmed to about 70°C. A lew drops ol 0 1 M 
p otassium permanganate solu iinn_ar£ Jufded-lo cach.one.ol the three beajeers, The 
times taken for the permanganate to decolonsc would be very different in the 
three cases. 

A systematic study of the dependence of the rates of reactions on tcmperatuie as 
in’ the above example led the Swedish scientist, Svante Arrhenius, to propose the 
following. 

(a) Every encounter between reactant molecules does not lead to a reaction resulting 
in a product. 

(b) 'The energy of the colliding molecules should be greater than what he called the 

ACTIVATION ENERGY, for an encounter to be effective in producing a product. 

/$ Thusjftis theory, kno wn as the Arrhenius theory of reaction rater predicts that 
^Fthe reaction rate should increase with increase in energy of the reactant molecules. 

Bodenstein (1899) carried out measurements of rates of the decomposition 
reaction of hydrogen iodide: 


2Hl(g) ->HTg) hl 2 (g) 

The following rates are calculated from his experimental data and the kinetic theory 
of gases: 


Temperature Rate of col Imam between 
(K) molecules (per cm'per 

second) 

Rale of reai non (molecules 
reacting per ini' per 
second) 

Fraction of encounters 
between reactants leading to 
products 

573 

6,10 X 10 JI . 

l 75 X 10” 

2.9 X 10 n 

673 

6,61 X 10 !l 

5 03 X 10’’ 

7 6 X 10'” 

773 

7,08 X 10 3 ' 

4 59 X 10’*' 

6,5 X 10"” 
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It is significant to note that the fraction of successful encounters increases by a 
factor of hundred when the temperature is increased by 100°C; however, the rate of 
encounters increases by only about 7%. 

Arrhenius theory of reaction rates. The distribution of energy among the colliding 
particles can be calculated and is shown in Fig. 11 3 


Ei = sum of the kinetic energies of two particles colliding 
E, =energy of activation for reaction 
ni -number of encounters In which the total kinetic 
energy is E 

n , -number of encounters in which the total kinetic 
energy Is E; 



encounters resulting In 
a reaction since Et>E, 


Fig. 11.3 Distribution of energy among colliding particles 

What Arrhenius postulated was that the re actants wc 
unless t.he_enejgy-ef-the-e«Ihd4ng-partides- wfere greater ' ’ lallcjd the 

EN ERGY OF ACTIVATIO N A plot at different temperature , u , how the 

fraction of colliding molecules that have energies greater than the energy of activa¬ 
tion, and hence can transform to products, increases with temperature, 

The effect on the reaction rate of this increase in the fraction of molecules 
exceeding the threshold energy with temperature, is much larger than the marginal 
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increase in the rate of collisions between molecules at higher temperature. 

Energy of activation for a reaction• It is common knowledge that a mixture of 
oxygen and fuel will not burn unless a flame (match stick) is applied Even a 
mixture of hydrogen and oxygen which can react in an explosive manner does not, 
until a spark or flame is applied. It is therefore obvious that there seem s to be a 
barrier for these reactions to occu r ev en though we know the direction of spontane¬ 
ous cK5ngeI5~m tavouFof the rea ction to occur (decrease in free energy). One can 
draw~anlmalogy from water in a reservoir with bunds Even if the reservoir may be 
at a higher altitude than its surroundings (and hence the water is at an increased 
potential energy compared to what it would have outside the bund), the water 
cannot flow over the bund until pumped over. Arrhenius proposed that for reactants 
to get converted into products, the re is an energy barr ier, which has to be overcom e 
Only those encounters, m which reactants have sufficient en ergyr-to-cross—t-his 
barr ier, would result in products It is of tremendous consequence to existence of life 
Jhat such energy harriers exist; otherwise, all the fuels would have, been con sumed 
by the oxygen in the air; in fact earth would not be what it is but for these barriers 
By considering a very simple reaction, namely A (g) + B 2 (g) — AB (g) + B (g), 
we can rationalise the existence of an energy of activation in the following sense. Let 
us consider the approach of A towards B 2 along the line of the bond B-B. As A 
approaches B-B, the energy is nearly constant until A comes near B-B and starts 
pulling one of the B atoms of B 2 and attains an intermediate configuration A - - B- - B 
T his configuration will possess a higher energy than the sum o f the_enejrgies of A 
and B 2 , since energy would have to be supplied to pull one of the B atoms from the 
other B atom. As A approaches closer and closer, A-B will be formed and energy 
will be released and let us say that the energy of AB and B is less than that of A 
and B 2 We can plot this energy change (Fig 11.5) as a function of the distance 
between A and the B atom close to it. 



-A-B-B 

d 

The change in distance l d’ can be termed the COURSE OF THE REACTION and starts from 
a large value and decreases to the bond length of stable A — B. 

Chemists term the arrangement of atoms corresponding to the maximum of the 
energy in Fig. 115 as an activated complex. The activation energy is the j i arnsr i n- 
energy t jiat has to be overcome before reactants^ convert intojproducts. It is to be 
noted that for the case considered in Fig. 11,5, the activation energy for the 
backward reaction is higher than that for the forward reaction. As the temperature 
is increased the rate of both forward and backward reactions will increase, but, not 
by the same proportion. 
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Fig. 11 5 Energy diagram fur a hypothetical reaction A + B: ~ A BY B (distance tl change', foi a large value to 
the hand length A B with accompanying change in r) 

Now we have an explanation for the inherent stability of fuels in the presence of 
air or oxyge.n and of hydrogen in the presence of oxygen. The combustion reaction 
has high energy of activation and hence fuels are almost inert under ordinary 
conditions. Once a flame is applied (such as one from a match stick) the gas near 
the flame is raised to a high temperature,enough for at least a portion of the fuel to 
burn in oxygen. The heat of combustion from the reaction of the portion of the fuel 
increases the temperature of the remaining gas and the flame is sustained Very often 
you hear of accidents in a kitchen from a leaky cooking gas cylinder The room is 
full of fuel gas and air but does not react until a person, unknowingly, strikes a 
match then a big fire follows. From this discussion, one realises that every reaction, 
feasible from consideration of free energy, need not necessarily take place, many 
may be prevented from occurring by a high activation energy barrier. Suchjeacfcarjts, 
though energetic^Uy_Cwhat is termed THERMODYNAMICALLY UNSTABLE) are KINE- 
TTCXlTyst'able at ordinary temperature. 

113 3 Catalysis 

Is it possible to lower the energy of activation for reactions and hence increase the 
rates of reactions? That is exactly what a CATALYST does. A catalyst is a chemcial 
sp ecies that enhances the rate of a reaction but can be reco vered unchanged at the 
emLof_ the reactio n. (This is an ideal catalyst). It is sufficient to realise at this 
juncture, that what a catalyst does is to decrease the energy of activation (Fig. 11.6). 
We can illustrate the effect of a catalyst by the following experiments. 
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In two 100 cm 3 beakers, let us pour in 30 cm 3 of 0 1M oxalic acid solution and 
5 cm 3 of dilute sulphuric acid. To one beaker we add 0.5 cm 3 of 0.1M MnSO., 
solution and to the other beaker add 0.5 cm 3 of water From a dropper we add 10 
drops of 0 1M potassium permanganate solution and stu the solution. The potassium 
permanganat e decolorises faster in the beaker to which we have added MnSCF— 
f Hi^^ions act asa cataly st 1 

In two test tubes let us place about 0.1 g of granulated Zn To one test tube we 
add jQ^dr ops of 0 .1 M copper sulphate so lutio n. 1 0 cm 3 of 5 M hydrochloric acid i s 
poured into each test tube at the sametune _and we observe the rate at which 
hydrogen is evoIved~TI“possihle, we can measure the hydrogen evolved by collecting 
it in a measuring cylinder by the method of displacement of water. 

This experiment demonstrates that, while the rate of the reaction is speeded up in 
the presence of copper sulphate, the amount of Zn reacted (and also the amount of 
hydrogen produced) is the same in both the cases. The copper has remained in 
solution without any change. 

The role of a catalyst is to take part in the reaction m such a way as t o lower the 
en ergy of activati on, b ut at the 

at the end of the reaction (physical changes can and do occur). 



\ 

Fig. 11.6 Energy diagram for a catalysed and an uncatalysed reaction (Doited line curve shows catalysed 
reaction whereas solid line curve shows uncatalysed reaction) 

Catalysts are extremely important to our existence. In most industrial processes, 
catalysts are involved. Our entire life process depends on catalysts called .E NZYMES 
w hich regulate innumerable processes that occur in a living organism. We had 
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mentioned earlier that it is enzymes that ensure that we derive energy for life, in 
many small steps, from oxidising the food we imbibe, without resort to the high 
temperatures, that are usually associated with the combustion of fuels. 

From Fig. 116, it is obvious that .the energy of activation is decreased by a 
catalyst for both forward and backward .reaction. Therefore what an ideal catalyst 
does is to decreaielhe time it takes to reach an equilibrium condition It alters the 
path to one which has a lower energy of activation. In other words, the extent of the 
completion of a reaction is not changed by a catalyst; what a catalyst does is to 
speed up the attainme nt of eq ui librium. 

11 4 EFFECT OF LIGHT ON RATES OF REACTION 


a In certain rea ctions (an outstanding example being the sequence of reactions in 
f|phoTosynthesis7 fij) ht provides the energy to o vercome the activation energy barrier. 
| The energy absorbed may~~besufficient, even to break chemical" bonds and form 
(highly reactive intermediates called free radicals. Some of the examples where light is 
used for initiating chemical reactions are' 

Photosynthesis 


Jffb Vision (A compound, retinal, absorbs the light falling on the eye and under¬ 
goes a chemical change. This is the first step in ‘seeing’.) 

Photography 

Blueprinting 

Photochemical synthesis of compounds 
(61 Sterilisation of water (exposure of water to UV irradiation) 

Blue printing can be illustrated by the following experiment: 

To each of two 100 cm 3 beakers, we add 25 cm 3 of 0.02 M aqueous FeCU 
solution, 20 cm 3 of 0 1 M oxalic acid solution in water and 5 cm 3 of 0.05 M 
potassium ferricyamde solution One beaker is kept in the dark and the other is kept 
exposed to bright sunlight or to a 100 watt electric lamp. When the two solutions 
are compared after about half an hour it is found that t he solution exposed to light 
has_tumed-blue The reaction is very similar to what occurs when blue printing is 
done 


11 5 ELEMENTARY REACTIONS ARE STEPS TO MORE COMPLEX 
REACTIONS 

Since reactants have to encounter with sufficient energy for a reaction to occui, the 
probability of such an event decreases drastically as the number of participants in a 
reactive encounter increases. Thus the possibility of three molecules involved in a 
reaction is much smaller than those involving two. Thus we write a stoichiometric 
equation' 

2Mn07 + 5 C 2 OV (aq) + 16 H + (aq)-- 2 Mn 2+ (aq) + 10CO 2 (g) + 8 H?0 (1) 

h is obvious that the reaction does not proceed at one step in the manner written 
above The probability for 23 species to get together and yield 20 species is very 
much smaller than the reciprocal of the life of the universe Therefore stoichiometric 
equations in chemical arithmetic only tell us what the overaUliacttoHrare? They 
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t ell us nothing about how such a reaction wil l proceed—whal the steps involved are. 
These have tcTbe inferrecTFrom many experiments. 

For the present, it is sufficient to realise that most chemical reactions involve 
many intermediate steps called elemental reactions in volving one. two~of~a~maXi- 
milm~oTthree"!pecies, The_a ^erall rate of a reactio n (i.e., th e rate of production o f 
f^maLpmdxtcts) will be ^ ^ : r ’ ■ , ‘ . JS , Fig 

11.7 draws an analogy ■ . u ■ , , s and a 

reaction involving a few intermediate steps with different rates 



(a) The flow rate through this narrow tube 

will decide the rate at which water flows 
out of the last tube, i.e., the rate at which 
k water Is drawn out of A. 

A+B -C —-»» D+E —- *- F -**• G+H 



(b) 


Fig. 11.7 Overall rate of reaction is governed bv the rate of slowest intermediate stepfs). (The rate of 
formation of C and (I will he decided bv the slowest step, that is D + E j£ F, which has a life time of Is) 


In such cases the initial rate of disappearance of reactants is not usually the same 
as the rate of formation of products The narrowest pipe and the slowest step act as 
‘bottlenecks’. 

11 6 HOW FAST ARE CHEMICAL REACTIONS ? 

The rates of chemical reactions vary from the slowest with reaction times of the 
order of millions of years to the fastest with reaction times of the order of 10 12 
seconds. Modern techniques, mainly using lasers, are now available to study extre¬ 
mely fast reactions. Time at the shortest scales arc indicated as' 


10" 3 s 

— 

1 millisecond 

10' 6 s 

= 

1 microsecond 

10" 9 s 


1 nanosecond 
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1 picosecond 
1 femtosecond 
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10~ l2 s 

10" l5 s 


The range of reaction times observed cover as many as 26 orders of magnitude 1 
picosecond = 10~ 12 second to 1 million years = 3 X 10 13 seconds. Some examples 
are listed below. 



Reaction 

Reaction times 
(half lives) 

1 . 

First step.in photosynthesis Chlorophyll excited 


10’ ,2 s 

2 

chlorophyll-» electron transfer to another molecule 

First step in vision (Retinal isomerisation) 


10 _12 s 

3 

H + (aq) + OH'(aq)-- H 2 0 


10' ,0 s 

4. 

N0 2 (g) + N0 2 (g)-* N 2 04(g) 


10' 6 s 

5 

Fe 3+ +SCN'-* Fe(SCN) 24 


5 X 10~ 3 s 

6 

H 2 C0 3 (aq)-* H 2 0(1) + C0 2 (g) 


60 s 

7 

N 2 0 5 2 N0 2 + Vi 0 2 (at 55° C) 


89 min 

8 

Sucrose + Water Glucose + Fructose 


200 min 

9 

Cr(H 2 0)^(aq) + F' (aq) Cr(H 2 0) 5 F 2+ (aq)+H 2 0(l) 


1000 hrs 

10 

CH 3 C00C 6 H 5 (aq)+H 2 0(l)-* CHjCOOH (aq) + 

C 6 H s OH(aq) 

1000 days 

11. 

Cr(H 2 0)f(aq) + T (aq)-- Cr(H20) 5 f + (aq)+H 2 0(l) 


2000 years 


EXERCISES 


11.1 Given the following data plot the concentration of reactant (tert. butyl bromide) and 
the product (tert butyl alcohol) as a function of time in an acetone—water mixture at 
323 K 

(CH 3 ) 3 CBr + H 2 0-* (CH 3 ) 3 COH + HBr 


Time 

(min) 

Concentration of (CH)iCBr 
(mol U') 

Concentration of (CHfii COH 
(mol jL~' j 

0.00 

0 106 

0 

10 

0.095 

0.011 

20 


0 20 

30 

0,074 

0.033 

40 


0 040 

50 


0 048 

60 


0 056 
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Time 

(mm) 

Cam ent ration <j(CH\ ) \ CBr 
(mol L ') 

Concentration of (CHOiCOH 
(mate') 

80 

0,038 

0 069 

100 

0.029 

0 076 

120 

0.021 

0.085 

140 

0017 

0.087 


Plot the concentration of the two species as a function of time. 

(i) Find out the instantaneous rates of disappearance of tert. butyl bromide and the 
rate of appearance of tert. butyl alcohol at t = 20, 40, 80, 100 min. Verify that 
the two rates are equal (within limits of your measurements) Also determine the 
average rates at these times, 

(ii) Find out the average rate of reaction for 0 to 10%, 20 to 40%, 50 to 60%, 80 to 
90% reaction 

11 2 For the reaction 2A + B-- C the following were collected: 


Expt 

No 

Initial 

A 

mol L~' 

Concentration 

B 

mol If 1 

Initial Rate of Formation of 

C 

mol If 1 jf 1 

1 

0.10 

0 200 

3 X 10 2 

2 

0 30 

0.40 

3 6X 10 3 

3 

0,30 

0.80 

1.44 X 10 4 

4 

0.20 

0.40 

7 

5 

0.10 

0,40 

? 

Find out how the rate of the reaction depends upon the concentration of [A] and [B] and fill 


in the blanks. 


11.3J3xplain the following 

Average rate (ii) life time and half life time (iii) rate constant (tv) reaction order 


11.4 Explain why 

(i) powdered sugar dissolves faster than crystalline sugar, • 

(ii) it takes more time to boil an egg or cook rice at higher altitudes, 

(iii) we save our fuel when we use a pressure cooker for cooking rice, potatoes, meat, 
etc,, 

(iv) there is no difference in cooking time between sea-level and higher altitudes when 
we use a pressure cooker at both places, 

Identify, giving reasons, the faster reaction in each of the reaction pairs 

(i) Na(s) + Ii(s)-- 2 Nal (s) 

Na(s) + li(g)-- 2 Nal (s) 

C(s) + HiO (g)-- 2 H 2 (g) + COi(g). 


11.5 


(i») 


(in) 


(iv) 


C(s) + H 2 0 (s) Cat - a l H 2 Hj(g) + C0 2 (g) 

C(s) + >/ 2 0 2 (g) 50QX CO(g) . 

c(s) + >/ 2 o 2 ( g ) c0(g) 


N 2 (10 atm) + 3 H 2 (10 atm)->2 NH 3 (g) 

N 2 (5 atm) + 3 H 2 (5 atm)--2 NH 3 (g) 


~L 


11.6 


Calculate the change in surface area when spherical particles of 0.1 mm diameter are 
ground to spherical particles of 0.025 mm diameter (for the same volume) 
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11 7 Explain the following' 

(i) A lump of coal burns at a moderate rate in air while coal dust burns explosively 
(li) Liquid bromine reacts slowly as compared to bromine vapour. 


11 8 Which of the following statements is true 9 

(l) Endothermic reactions have higher activation energies than exothermic reactions, 
(n) While the extent of an exothermic reaction will decrease with increase of tem¬ 
perature, rate of reaction will increase 

(m) The rate of a catalysed reaction is independent of the concentration of the 
catalyst. 

11 9 Gtven the following picture 



(l) Calculate AH for the reaction and energy of activation for the forward reaction 
and energy of activation for the backward reaction . 

(li) The dotted curve is in the presence of acatalyst. What is the energy of activation for the 
two reactions in the presence of the catalyst 1 * 

(iu) Will the catalyst change the extent of the reaction? 

1110 The reaction' 

N0 2 C1 (g) + NO (g) ;—± NOi(g) + ONC1 (g) 
is a single step reversible reaction The energy of activation for forward reaction, Ear is 
28,9 kJ and that for backward reaction, E,b is 41.8 kJ. Draw an energy diagram for the 
reaction Indicate E a r and E,h and AH of the diagram 

11.11 If the reaction A + 2 B-» C + D proceeds in 2 steps 

A + B-»-AB (slow) 

AB + B-■ C + D (fast) 

which one of the two steps determines the rate of formation of products'' 

II 12 With the help of the following rate expressions of the reactions, find out the overall 
order of the reactions and the order with respect to each reactant' 

(i) For reaction, 2 NO (g) + O z (g)-* 2 N0 2 (g) 

rate = k [NO 2] 2 [0 2 ] 

(ii) For reaction, 2 N 2 0 (g)-> 2 N 2 (g) + 0 2 (g) 

rate = k [N 2 0] 
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(hi) For reaction, 2 NO: (g)-- 2 NO{g) 4- 0:(g) 

rate = k [N0 2 f 

(tv) For reaction, 2NO(g) + 2H 2 (g)-- N 2 (g) + 2H 2 0(g) 

rate = k [NO] 2 [H 2 ] 

(v) For reaction, S0 2 Cl 2 (g)-* SO:(g) F Cl 2 (g) 

rate = k [S0 2 CI 2 ] 

11 13 Explain and illustrate the following: 

( I ) Average rate of a reaction 

( II ) Thermodynamic and kinetic stability 
(lii) Activated complex. 



UNIT 12 


CHEMISTRY OF NON-METALS—I 
(Hydrogen, Oxygen and Nitrogen) 


Hydrogen, oxygen and nitrogen- 
are elements essential for the 
sustenance of life. 
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OBJECTIVES 

, > In this Unit, we shall learn 

* , the chemistry of hydrogen and hydrides of elements; 

* the chemistry of oxygen and some oxides; 

’ * the chemistry of ozone, water and hydrogen peroxide; 
i , * the chemistry of nitrogen; 

/'V,, ■* .the manufacture, properties and uses of ammonia and nitric acid. 
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IN UNITS 4 AND 5, we learnt how the electronic configuration of elements determines 
their physical and chemical properties. We also learnt how the electronic structure 
provides a basis for classifying elements into various groups or families, In this and 
subsequent Units, we shall briefly survey the chemistry of a few selected elements 
and their important compounds. We shall specially study their applications in 
everyday life. 

Metals constitute a majority of all known elements (>75%) and appear on the 
left-hand side of the periodic table_.(Fig. 12.1). In general they have low electro- 
5egatlvities (tendency to attract electrons). Typical non-metals are found on the 
right-hand side of the periodic table (Fig 12 1). Non-metals, except for the noble 
gases, have high electronegativities. This division of elements into metals and non- 
metals is somewhat arbitrary. There are elements which lie on the border-line 
between metals and non-metals and show intermediate properties 
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Fig. 12.1 Representative elements and noble gases (Diagram shows the separation of metals and non-metals, 
Group numbers are shown at the top of each column. Non-metals are shown in colour The elements In the 
shaded squares are called Metalloids and many of them become metallic when they are melted) 


s This Unit is. devpted to the chemistry of three typical non-metals' hydrogen^, 
\ oxygen)and nitrogen.lThe chemistry of carbon has already been discussecTe'aftfdf in 
Unlfl. / 
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12 1 HYDROGEN 

12.1 1 Position in the Periodic Table 

The position of hydrogen in the periodic table is debatable. Because hydrogen has 
only one electron (V), it may be grouped with the alkali metals. It can also be 
placed in the company of the halogens, because like the halogens, it needs one 
electron to attain the stable noble gas configuration. Although hydrogen shows 
similarities in its chemical behaviour to both alkali metals and halogens, it differs 
from them in many ways. 

Hydrogen resembles the alkali metals in its ability to form hydrated unipositive 
ion [H + (aq)]- But the ionisation energy of hydrogen (1312 KJ mor 1 ) is very high 
compared to the alkali metals In its high ionisation energy, hydrogen resembles the 
halogens and forms numerous covalent compounds The simplest of these covalent 
species is the diatomic H 2 molecule itself which we shall refer to as dihydrogen to 
distinguish it from the hydrogen atom Dihydrogen molecule is very stable and 
dissociates to an appreciable extent only at very high temperatures (>2000 K). 
Atomic and molecular properties of hydrogen are summarised in Table 12 1. 


TABLE 12 .1 

Atomic and Molecular Properties of Hydrogen 


Atomic Properties 


Molecular Properties 


Ionisation energy (kJ mof 1 ) 
Electron affinity (ki mol _l ) 
Electronegativity 
Atomic radius (pm) 

Ionic radius (H") (pm) 


1310 

Melting point (K) 

13 8 

72.8 

Boiling point (K) 

Density (g/cm 5 ) 

20 4 

2 1 

0 0899 

37 

Bond length (pm) 

74 2 

210 

Bond energy (kJ mof 1 ) 

435 9 


12.1.2 Occurrence 

Hydrogen is the most abundant dement in the universe. The giant planets Jupiter 
and Saturn ror.,,1 mostly of hyd.ogfr Shorn hair .he nasi til .hr sun antftldnS 
ls^accounoq o\ h 1 ^loccr. 

() > 1 h.o earth l.ycl,ogen is premia m water, coal, peuoleum, clay and in all 
ammaland vegetabk matter. It constitutes 0.9% by weighlof the earth’s crus t and is 
" h ° L^undan c e, The~source of the sun’s^erg^hich is 

essary foTTiFe on earth, is the fusion of hydrogen nuclei to form helium. 

12 1 3 Isotopes of Hydrogen 

There are three isotopes of hydrogen with mass numbers 1, 2 and 3 and their 
.natural abundances are .n the ratto Id 56 X 1(T 2 . I X 10 17 The isotope with mass 
number 2 rs called DEUTERIUM (?H or D) or HEAVY HYDROGEN, the isotope with 
mass number 3 is called tritium (?H or T).Of these, tritium is radioactive. Because 
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isotopes, of an element have the same electronic configurations, they exhibit the 
same chemical behaviour But, because of their different masses, they differ in their 
physical properties and also in the rates of their reactions In general, ordinaly 
hydrogen undergoes reactions more rapidly than deuterium. Some physical constants 
for Hi and Dj are given m Table 12.2. 


TABLE 12 2 

^Comparison of the Physical Properties of Dlhydrogen (Hi) and its Deuterium Analogue (Di). 


Proper tv 

Hi 

Ih 

Molecular mass 

2 016 

4 028 

Melting point (K) 

13.8 

187 

Boiling point (K) 

20 4 

23 9 

Heal of fusion (k.l mol ') 

0.117 

0 197 

Heat of vapourisation (kJ ntol ') 

0 004 

1.226 

Bond energy (k.I mol' 1 ) (298 2 K.) 

435 9 

443 4 


Deuterium is usually prepared from HEAVY WATER (D 2 O) which is rpapufactuicd 
by the electrolytic enrichment of ordinary water. Heavy water is used as a coolant 
and mod pr atnr in nnclear '•eactc-s Heavy water is manufactuied in our country in 
Baroda,! (i , ! , a. at. Kota- Ra;a-.;',ar' ! uticorin (Tamil Nadu) and Thai (Maharashtra) 

1 " " ~ ~~ 1 1 * ” 1 ■ ■■■ 1 " 1 “V 

12.14 Preparation of Dihydrogen 

• toihydro'gen can be prepared by the action of water or dilute mineral acids on 

!! metals. 

A 

2Na(s)+ 2 H 2 O (1)-► 2 NaOH (aq) + H 2 (g) 

Zn(s) + H 2 SO 4 (aq) --* ZnSO< (aq) + H 2 (g) 

A convenient laboratory method of preparation of dihydrogen is the treatment of 
zinc granules with._dilute hydrochloric or..sulphuric~acid. This type of reaction is 
known as a DISPLACEMENT R EACTION. Metals above hydrogen in the electro¬ 
motive series can displace hydrogen from acids (see Unit 10) 

1 , Dihydrogen of high purity is usually obtained by the electrolysis of water in the 
/presence of a small amount of base or acid. This method is,however,quite expensive. 

2HaO (1) eleCtr ° ly - S - 1 * 2H Z (g) + 0 2 (g) 

Industrially, dihydrogen is produced by the action of steam on hydrocarbons (steam 
reforming of hydrocarbons) or by the action of steam on coke at a high temperature. 

C„H 2 „. 2 + nH 2 0 JIM- n CO + (2n+ 1) H 2 ,'1 

catalyst . o 9 V/ 

C(S) + h 2 o (g) CO (g) + h 2 . . *° 

\ 

The mixture of dihydrogen and carbon mo.nox-ide'is known as WAL TER GAS , 
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Dihydrogen is also produced as a by-product in the manufacture of sodium 
hydroxide (NaOH) by the electrolysis of sodium chloride (NaCl). 

12,1.5 Properties and Reaction of Dihydrogen 

\\ Dihyd'opeo a coWi-'ec! i?.«'p!ess. odour'ess gas with a very low solubility in 
iw^fei h " uh.c am 1 ■lou': oc 1 dlej with care, 

Under appropriate experimental conditions, hydrogen forms compounds with 
almost all elements except the noble gases. Hydrogen forms more compounds than 
any other element. 

/ Because of its high bond dissociation energy (436 KJ mol" 1 ), dihydrogen is not 
particularly reactive. At .elevated temperatures or in the presence- nf r^ti^ -vsts. it 
co mbines with many non-metals to form covalent hydrid es. With_jeactive metals 
(e.g., alkali metals) it forms ^alt-fik-e-h-vdades. in which its oxidation nurnb'tir lK-f. A 
few typical reactions of dihydrogen are summarised in Fig. 12.2. In addition to 


NaH(s) 



FI* 12.2 Some typical tenet ion\ oj dihytitogep 

covalent and salt-like hydrides, with metals such as platinum, palladium and nickel , 
d ihydrogen forms INTERSTITIAL HYDRIDES in which hydrogen atoms, because of 
their small size, occupy interstitial holes in the metallic crystal. 


12.1 6 Uses of Dihydrogen 

jW he largest industrial use of dihydrogen is in the manufacture of ammonia by direct 
Minion with nitrogen (Haber’s process; Section 9.3.1). Large quantities of hydrogen 
are also used in the hydrogenation of unsaturated vegetable oils to give solid fats 
( e -gv ka naspathi) and f o r the production of organi c chemicals (e.g., methanol by the 

reaction CO + 2H 2 c^jy^’CHaOH),Other uses of hydrogen include the production 

of HC1 and the re duction of oxides to metals in metallurgy It is used in oxy- 



CHEMISTRY OF NON-METALS--I 


333 


HYDROGEN—A FUTURE FUEL? 


Saturn V, tt^jodceLIhat lau nched Neil Armstrong to the moon, was 
powered byTi auid hydrogen fu el Oxygen (needed for combustion) as well 
as hydrogen were carried by the rocket in separate tanks. 

The property of high flammability should favour the use of hydrogen 
as a fuel. However, its use is limited due to the lack of availability of free 
hydrogen in nature. Another difficulty is safe storage and distribution of 
this explosive fuel. 

A widely available source of hydrogen is water but a lot of energy has 
to be expended to release the hydrogen from water. For economising on 
fuel expenses, methods of tapping cheap sources of energy like solar 
energy are being tested. A day may come when hydrogen could be 
supplied by pipelines for domestic use. By carrying it in the liquid form 
in storage tanks it may also be used in vehicles. An alternative method would 
be to carry a solid metal hydride thgt decomposes on heating to give the 
metal and hydrogen. 


h ydrogen torch for welding and in the liquid form as a rocket fuel in space 
programmes. - ~~ “ 

I Hydrogen is also considered to be a source of energy for use in industry and 
i transportation. If such a ‘hydrogen economy’ becomes a reality, it could solve some 
I of the problems of the present-day energy crisis. 

12 2 OXYGEN -Va 

The electronic configuration of oxygen in its ground state is(lj 2 2 s 2 2py There are 
three naturally occurring isotopes of oxygen, 1 lO (99 76%)7 U iP~ (0-037%) and 
'gO (0.204%), Like hydrogen, oxygen exists m the elemental form as a diatomic 
molecule (O 2 ) Dioxygen (O 2 ) is unique among diatomic molecules. It contains an 
even number^pf electrons (16) but two of them are unpaired Dioxygen is therefore 
^paramagenticjsee Unit 6). The properties of atomic and molecular oxygen are given 
^Din Table" 12*37 

TABLE 12 3 


Atomic and Molecular Properties of Oxygen 


Atomic Properties 


Molecular Properties 


Ionisation energy (kJ mo" 1 ) 

1310 

Melting point (K) 

54 4 

Electron affinity (kJ mor 1 ) 

140 

Boiling point (K) 

90 2 

Electronegativity 

35 

Density (g/cm 3 ) at STP 

1 429 

Atomic radius (pm) 

73 

Bond length (pm) 

120 7 

Ionic radius (O 2 ") (pm) 

140 1 

Bond energy (kJ mol ') 

493.4 
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12 2 1 Occurrence _ ,, . _ 

Just as hydrogen is the most hhundant element in the cosmos, oxygen is the most 
abundant element on earth. OxygerTcoMIffutes nearly~56%-bjnyeight of the crust of 
the earth, bodies of water and the atmosphere In the earth’s crust, oxygen occurs in 
the combined state, mainly in the form of silicates, carbonates and oxides of metals. 
Water c onsistsj of.88^8%_oxygen by weight. Dioxygen makes up about 23 2% by 
weight of the atmosphere 

lil Almost all of the dioxygen in the atmosphere is believed to be the result of 
Photosynthesis by green plants Photosynthesis is quite a complicated process, but 
Tor simplicity, it can be represented by the equation 

Sunlight 

xH 2 0 + xCCh —r - - -* (CHaCOx + x0 2 (g) 

Carbohydrates 


PHLOGISTON THEORY AND THE DISCOVERY OF OXYGEN 


In the eighteenth century, it was universally accepted by all chemists that 
all substances that bum, do so because they contain a substance called 
PHLOGISTON, which is released during'combustion, If this view is correct, 
then combustion should lead to a decrease in weight. 

In August 1774, Joseph Priestley heated red mercuric oxide by 
focussing the sun’s rays on it With the help of a bioconvex lens. Liquid 
metallic mercury and a colourless gas were obtained. The gas was observ¬ 
ed to help a candle to burn more brightly than in air; It was named 
’dephlogisted air,’ 


The phlogiston theory was investiggjSd hy Larmi er hy rever sin g the 
method followe^__by_£ti&sriey.He heated mercury in as^eOlrTllIed 
i flask iri a .furnace,,: It lyas only on the' second day that the reaction was 
visible in the form of red specks oft the surface of the metallic mercury. 

I After twelve days, Lavoisier removed the flask and weighed its contents., 
To, Lis surprise the fliass, of mercury had increased, This definitely proved 
; ' the phlogiston theory to be wrong. 

Lovoisie,r obtained a liquid metal and a colourless gas on heating the 
; red specks; the colourless gas helped tb support combustion better than 
• air. Since this gas could not be decotttposed further, he concluded that it 
", mUst be an, element and named if oxygen, Thus the reaction equation is 
"i .written as, «' ‘ . *- *: . 



12 2.2 Preparation 

!fn ’■^ le laboratory, dioxygen is obtained by the thermal decomposition of oxygen-rich 
1 ,compounds such as KMnO„ or KC10 3 , The thermal decomposition of KCICb 
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require' " temreranue o f A7n -720 K. The temperature can be lowered to -420 K. by 
the use iHfVInO. ;!<■ .1 e.i'a.y. 1 \ 




2 KClOi(s) 


heat 

MnCh 


30 2 (g) + 2 KCl(s) 


Another way to prepare dioxygen in the laboratory is by the reaction of water on 
sodium peroxide: 


2Nai02(s)+ 2H 20(1)-- O 2 (g) + 4NaOH (aq) 


Electrolysis of water produces both dihydrogen and dioxygen in a pure state_ The 
most economical method of production of dioxygen on an industrial scale is the 
^f ractional d istillation of liquid air. In this method, dinitrogen (b.p. 77 K) is boiled 
, away leaving behind dioxygen (b.p. 90 K) Production of dioxygen in the world is 
more than lWmillion tonnes per year. 

12.2.3 Properties and Reactions 

pioxygen is a colourless, tasteless and odourless gas. Its solubility in one litre of water 
|it 293 K is ~ 30 cm 3 gas at STP, This small amounT of dissolved dioxygen is 
sufficient to sustain marine and aquatic life and for the destruction of organic wastes 
in water bodies. 

Dioxygen combines with many metals and non-metals to form binary com¬ 
pounds of oxygen known as OXIDES The bond, dissnnatirtn energy of - O r « - h igh 
(comparable to that orTQ~and hence the re actions of dioxygen require initiation by 
ex ternal heating . Many of these feactions are highly exothermic and the heat 
liberated is sufficient to sustain the reactions (e.g., combustion of charcoal) Most 
metals (except some of the less active ones such as gold and platinum) and most 
non-metals (With the exception of noble gases) react with dioxygen directly Some 
typical reactions of dioxygen are summarised in Fig 12.3. 


NagO^s) 



Fig. 12.3 Some typical reactions of dioxygen 
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12 2.4. Uses of Dioxygen 

One of the major uses of dioxygen is in making s teel and an metal fabrication w here 
it functions as an aid to combustion. Another important use is in the production of 
oxygen-containmg organic chemicals*(e.g., ethylene oxide from cthcne) Dioxygen is 
essential for life support systems (e.g., in hospitals, in underwater diving). Liquid 
dioxygen is used as an oxidiser in rockets for space exploration and in the launching 
'of satellites. - " ~ . 

12 2 5 Simple Oxides 

As mentioned earlier, oxygen forms compounds with most elements-of the periodic 
table. Many elements form more than one compound with oxygen. In their pro¬ 
perties and with, regard to nature of bonding, they vary widely They form both 
ionic and covalent compounds A useful classification of the oxides is based on acid- 
base characteristics. An oxide that combines with water to give an acid is termed as 
an ACIDIC OXIDE, an oxide that gives a base in water is known as a BASIC OXIDE, 
An example for each type of oxide is shown below. 

P4O10 (s) + 6 H2O (1) — 4 H3PO4 (aq) 

Na 2 0 (s) + H 2 O (1)-» 2NaOH (aq) 

As a general rule, n on-metal oxides are acidic whilst m etal oxides are ba sic Some 
oxides are of an intermediate nature, th ey react with both acids and alkalies and ar e 
c alled amphoteric OXIDE S These are generally formed by elements that are on the 
borderline between metals and non-metals (located in the centre of the periodic 
table). 


Al 2 0 3 (s) + 6 HC1 (aq)-- 2A1CL (aq) + 3 H 2 O 


AI 2 O 3 (s) + 6 NaOH (aq) + 3 H 2 O (1)-* 2 Na 3 [A1 (OH) 6 ] (aq) 


It may 
[there is a 
Dxides 


be noted that when we consider the oxides of elements in a given period, 
progression from strongly basic through amphoteric to strongly acidic 


II 




Na 2 0, MgO 


Basic 


AI 2 O 3 , SiCh 

-v- 1 

Amphoteric 


P4O10, SO3, CI2O7 

'-—V—- > 


Acidic 


oqbtedly, the most important among the simple oxides is water, whose chemistry 
will be discussed later in this Unit. 


12 2.6 Ozone 


In additfhff'tp the diatomic molecule, O 2 , elemental o xygen exists as a 
species, 0 3 , known as ozone The existence of an'^eIemenD s in more 
modification!* the same physical state is referred to /s ALLOTROPY y’ 


triatomic 
than one * 
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;j Ozone is d pale blue gas with a characteristic pungent odour. iLcoudenses to a 
Vdeep blue li_quid.,(b p. 161.2 K) and to a violet-black solid (m.p 80.6 K),(Ozpne is 
I formed when energy is supplied to dioxygen in the form of UV radiation or silent 
electric discharge. 


3 0 2 (g) ^20,(8); AH* = 142.7 k.l mol 1 

]The<£zpne molecule has an angular structure^Fig. 12.4a) Both the oxygen-oxygen 
| bonds are of equal'Iength (128 pm). This distance is intermediate between that of a 
0-0 single bond (148 pm) and that of a 0 = O double bond (110 pm) The 
^'bonding in ozone is best described as a resonance hybrid as shown below. 


/ 


I 


O f16-8° 0 


:© 


?/\ <- 

-.0 -. 0 * 


.o'® 

■X >0- e 


Fig, 12.-1 fa) (leomem of the ozone mah\ tile fb) } I a lent e bond Jett rip lion nUwndmg in ozone 

In contrast to dioxygen which is paramag netic, ozone is diamagnetic . Ozone is 
much more'reactive than "dioxygen. It acts as a powerful oxidising agent with the 
li beration of dioxygen. Two typical reactions are. 

PbS (s) + 4 0 3 (g) --* PbS0 4 (s) + 40 2 (g) 

2KI (aq) + 0 3 (g) + H 2 0 (1)-- 2KOH (aq) + Ii (aq) + 0 2 (g) 

y 

Tlhe oxidation of potassium iodide by ozone can be conveniently used for the 
estimation of ozone, 

Ozorie is formed in the upper atmosphere by a photochemical reaction involving 
d ioxygen . Ozone absorbs radiation strongly in the ultraviolet region of the spectrum 
between 220-290 nm a r}d this protects the earth and its inhabitants from the harmful 
ultraviolel”ri31ation of the sun Without this protective layer, more ultraviolet 
radiation will reach the surface of the earth and cause damage to plant and animal 
life. 

Ozone is used as a disinfectant (purifying drinking water) and as a bleaching 
ftgent, I t also finds use as a chemical re agent m organic chemistry... 

12.3. WATER AND HYDROGEN PEROXIDE 

Water is a highly interesting and unique substance from a chemical point of view. 
Water is essential to all forms of life. It is the most abundant compound in the 
biosphere. Of the total estimated global water supply of'—1.4 X 10 9 km 3 , the oceans 
and inland saline water bodies hold 97.3% and fresh water amounts to only 2 7% 
Unfortunately mosjt of the fresh water is not readily accessible, being locked up in 
frozen lakes, glaciers or under the ground. The fracti on of water availab l e — fnr , 
h uman use is only 0,003% of the total g)nhai^atp.r supply 
~ In nature, water is found in all three phases —solid, liquid and gas. An important 
milestone in the development of modern chemistry is Cavendish’s experiments in the 



338 


C'HFMIST RY 


second half of the eighteenth century which established the composition of water as 
consisting of two parts of hydrogen and one part of oxvgcn. " ; "N 

Apait from water, hydrogen and oxygen, Imm another oxide. Im irogen pcrpx irlf- 
which has the molecular formula H;0:. lt.Avas discovered byflfci criard in 1918J it is 
formed in trace quantities by the acticrfi of sunlight on water containing dissolved 
oxygen. In its chemical propet ties, hydrogen peroxide is very different from water 


12 3 1 Structure of Water Molecule and its Aggregates 


K molecule of watei consists of two lndi ogen 
atoms joined to an oxygen atom by covalent 
Jhonds The molecular dimensions in the gas 
i'phase are shown 

There are two lone paiis ol electrons on the 
oxygen atom, Because ol the high electro- 
hegativity of oxygen (second only to flourine), 
Vatei molecule is highly polai, the oxygen 
atom has a partial negative chaige and the 
hydrogen atoms have partial positive charges 
as shown 

, 



Fig. 12.5 Structure o/ normal hexagonal ue (The dotted 
hnei represent hydrogen bonds There is one hydrogen 
along each pxygen-owgen axis closer to one of the two 
oxygen atoms) 



6 - 

a 

S H X H 5+ 


In liquid water, water molecules 
are held together by hydrogen 
bonds [Unit 6). Fach oxygen can 
form two hydrogen bonds utilising 
each of two lone pau.s Many of the 
curious propeities of water com¬ 
pared with those of the hydudes of 
other gioup--16 elements (eg, 
H:S) arise as a result of 
H YDROGEN BONDING . We have 
still to learn much about the 
structure of liquid water. Expen- 
menlal studies suggest that liquid 
water consists of aggregates of 
vaiying number of water molecules 
h eld together by hydiogen b onds 
ani l ‘Irec’ water mol ecules*in a 
d ynamic equilibriu m with The 
aggregate continually forming, 
collapsing and reforming 

Ice, the solid form of water, can 
exist in diffeient crystalline forms 
depending on the conditions emp¬ 
loyed for freezing the water In 
the ‘normal’ hexagonal ice, each 
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o xygen ath™ is-tetrahcdrally MimuLadctl hv lour ot her oxygen atom s, t here being a 

hydrc_ . ; see 

that"" ■ 1 1 ■ ■ . . >ther 

oxveen atom hv a hydrogen bond. Such an arrangement leads* to a packing with 
' Vl.' 1 -' i ' ,: ' _' crefoic less than that of liquid water. 


_ - i ~~ '_iu-e-e. 

become more closely packed 


-I-', U-U'ce j j. n is are broken and the water molecule s 
A.s a result, there is an increase in density above the 


melting poin t (273K) 

As the t emperature increases- the density increases gradually reaching a maximum at 
227K Thereafter, increasing thermal mot ion of the molecules ..becomes mor e 
’‘prominent and the density decreases with temp erature as found for most liq uids. 
Because o f^its lower density compare d with li quid wat er, ic e floats on water This 
" ' ' ' r '' . ■■ ’‘* i freezing of the underlying water en abling 

mths. 


12.3.2 Physical Properties of Water 

Many of the peculiar properties of water can be traced to the picsence of hydrogen 
bonds in its condensed phases Some properties of liquid water (H 2 0) and its 
deuterium analogue heavy water (D.O) are summarised in Table 12 4 The abnorm ¬ 
ally high frec/inK point, boiling point, h eat of \iipp'huiUtm. and lieiil_iiLiuu4Mi 
(compared to the"hydrides of other elements of the same group ol the periodic table 
e,g,, H?S. H*Se l arise from the presence of hydrogen bond s Waiter has a higher 
s pecific he^ L th ermal conductivity and s urlace te nsion ilpm most other liquids 
These proper ties aie resp onsible for water to pla y a vital role in the hmsphure The 
vaporisation and the high heat capacity of water are responsible for 

TABLE 12.4 



Some Physical Properties of Water and Heavy Water ill 298 K 



H:0 

DiO 

Molecular Weight 

18 015 

20 028 

Melting Point (K.) 

273 2 

276 8 

Boiling Point (K) 

373 2 

374.4 

Temperature of Maximum Density 
Maximum Density (gem') 

Density (g cm' 1 ) 

277 I 

284 4 

1.000 

1,106 

0 997 

1 104 

Heat of Vaporisation (373 K) 

40 66 

41 61 

(kJ mol -l ) 

Heal of Fusion (kf mol ') 

601 

6 28 

Specific Heat (J g^K" 1 ) 

-4 177 

— 

Ionisation Constant, [H*] [OH‘] 

(moL L“ J ) 

1 008XI0' W 

1 95 X 10 ^ 

Heat of formation, AHi (kJ mol ”') 

-285 9 

*-294 6 
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the moderating influence of water on the climate and body temperature of living 
org anism s—Watgf is ai»q^ ^--excglTgTrrsolvent for tra nsporting ions an d molecules 
needed by jrla nl and animalmetaboli^rn. EvencovalehTorganic compounds such aiT 
alcohols and carbohydrates have a high solubility in water because of their ability to 
form hydrogen bonds with water molecules. 

12,3,3 Chemical Properties of Water 

Water displays a versatile range of chemical behaviour. It acts as an acid, a base, 
an oxidant, a reductant and as a ligand to metal ions, Water molecule exhibits a 
high thermal stability as would be anticipated from its high negative heat of 
formation (Table 12 4) Appreciable decomposition of water to the elements requires 
high temperatures. The extent of dissociation at 1500 K is < 0.02% 

Pure water has a small but measurable electrical conductivity because of the 
following equilibrium 

H 2 0(1)+ H 2 0 (1) H 3 CT (aq) + OH (aq) 

Kw = 1 000 X 10~ 14 mol 2 L~ 2 at 298 K 

Thus water can act_both-as an acid and a base, and is .said to be' AMPHOTERJC) 
| Water acts as a base towards acids stronger than itself and as an acid in the 
Ij presence of a base stionger than itself, as shown below 

H:0(1) + HCl(aq) H,0*(aq) + CT(aq) 

base acid acid base 

H 2 0(1) + NH, (aq) NH 4 + (aq) + OH'(aq) 

acid base acid base 

The autoprotolysis of water is thus of great importance in acid-base chemistry 

(Unit 9) _ 

Apart from acid-base reactiorrtsT”another class'oT^teactions of importance in 
aqueous chemistry comprises the pxiDATlON-REDUCTItV reactions (Unit 10). Water 
is reduced to H 2 by metals for which ,E° value-of-the-fedox couple M n+ /M is below 
-041V 

2HjO(l) + 2e”-- 20H’ (aq) +H 2 (g) 

E° = - 0 41 V for [OH - ] = 10' 7 M 
Water can also be oxidised as represented by the equation, 

0 2 (g) + 4H + (aq) + 4e‘-* 2H 2 0 

E° = + 0 82 V for [H + ] = 10‘ 7 M 

Typical examples of this type of reaction are oxidation of water to 0 2 during 
photosynthesis and .oxidation by fluorine represented by the equation: 

2F 2 (g)+ 2H 2 0(l)-4H + (aq)+ 4F'(aq) + 0 2 (g) 



CHEMISTRY OF NON-MO AI S 1 


341 


Watei can participate in many HYDROt YS1S reactions as shown below 


SiCUn)+2HiO(l)- SiOj(s) + 4HCl(aq) 

CaiNi(s)-F6H20(l)— 3Ca(OH)2 (aq) + 2NH 3 (g) 

Water also has the ability to form compounds with some metal salts known as 
HYDRA IES Three categories of hydrates can be recognised' 

(a) Water molecules are coordinated to a metal ion in complex ions as shown below 

[NifHjO)*]* (NOj')z; [Li (HiOfcfcr 

(b) Water molecules may be hydrogen bonded to certain oxygen containing anions 
An interesting example is CuSO«. 5H 2 0, in which four water molecules aie coordina¬ 
ted to a central Cu 2+ ton while the fifth watei molecule is hydrogen bonded to 
sulphate groups, 

f) Water molecules may occupy voids (interstitial sites) in the crystal lattice, e g 
TJaCh 2/HaO 


*T2.3 4.Hard and Soft Water—Water Softening 

wale: cop*. -mis d'-a'ud. ..id is ILsame of these salts (eg., Ca 2+ , Mg 2+ and 
1 j "a 1 e p'Lwc>;i appibx lc\cl, water does not form lather with s oaps 

Easily The effccti'.i-'c,' of w r.ei fT-T wYiT'- ; p , ‘v 1 V'V'TTn’oii!. V> “ caU this 

type y w,iU‘: \r.; '.Ya:LR.Sc.ij - me s.'d.vi -»»»':'■ 01 ni.a .ew 1IU "Oil) where 
|R is usual ly a higher jj.lkyl.chain. Calcium or magnesium ions present in hard water 
form insoluble salts with soap and prevent the formation of lather 


M 2+ + 2 R COO'-* (R COO) 2 M 

M = Mg or Ca 

A large amount of soap will be used up in precipitating calcium or magnesium salts 
and only after they are 'completely rSmoVfed , 1 wilf lather be forhie ct . HafcTwater po ses 
problems when used in m , dustriaRboilersTor s Rn5dW±t’|*tfeanC' because it causes the 
tormation of scales or deposits on the will's of ihc Tiwd.ci.s. Rein o', a. oi7jr7oo'i I '. , il 
calcium and magnesium .op- liom haul watei s called u \ 11 K m>i 1 i \iM , 

There are two types of hardness— TEMPORARY and PER MANENT T emporary 
hardness is caused by the presence of bicarbonates and thisl ype of hardness can, be 
reproved by m erely boiling the water. Boiling decomposes the bicarbonates to give 
carbon dioxid e and insoluble carbonates which can be remov ed by filtration or 
decantation Temporary hardness can also be removeiTBy the addition of a calc ulated 
amoiint of li me'v^ reuporrr^gnesmhrind/ of calcium carbonate is precipitated 
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M(HC 0 b) 2 + Ca(OH):--»MCOj+ CaCCh + 2 H 2 0 

M = Mg, Ca 

Permanent Hardness Permanent hardness is caused by the presence of soluble calcium 
or magnesium salts other than bicarbonates. These cannot be removed upon boiling. 
This type of-hard watenean be converted into soft water by one of the following methods, 
(a) By .chemical addit rvkq. In this method, calcium and magnesium ions are preci¬ 
pitated by the addition of calculated amounts of washing soda (NajCOj IOH 2 O). 

M 2+ + CO 3 2 "-* MC0 3 , M = Mg, Ca 

7 The bivalent ions can be rendered ineffective by the addition of sodium poly- 
' metaphosphate. The calcium or magnesium polyphosphate formed remains in 
solution, but does not react with soap readily as the ions are tied up in a stable 
complex 


CaCh + (NaP0 3 )„-- Nan-: Ca(PO } )„ + 2 NaCl 

(b) Ion-Exchange Method: Calcium and magnesium 10 ns in hard water may be 
icplaced by sodium ions in what is known as the ion-exchange process. Naturally 
occurring zeolites 01 similar synthetic complex so dium aluminium silicates are used 
for this purpose When hard water is passed through such a zeolite, the bivalent 
cations (Ca 2 or Mg"^) in the water sample are exchanged by equivalent amounts of 
sod mm 10 ns in the zeolite. _ 

M 2 "(aq) + 2 NaZ (s) -* 2Na + (aq) + M(Z): (s) 

Z = anion of zeolite 

Another class of materials which are widely used for water softening comprises 
v organic ion-exchange resin s. These resins contain a hydrocarbon chain of high 
molecular weight and carry covaleaiiy_haund 'negatively charged groups such as-SO j 
Qi^posTfiye^£haxg£d-g£iQlIpa^ol_ti 2 £jypg^Ny 3 . The former type of resin will have 
mobile cations and the latter mobile anions. These ions can be readily exchanged 
for other cations or anions. By successively passing water through a cation-exchange 
resin (containing H as the positive ion) and an anion exchange resin (containing 
OH as the negative ion), virtually all the ions from water can be removed. In this 
way, deionised WATER is obtained Thejisfcd- Cation- and anion-exchan g e -at p 
regenerated by washing them wfth a concen trated solution of an acid or a base. 

In recent years, desalination of sea water or brackish water is becoming increas¬ 
ingly important and several methods have been developed to obtain pure water from 
sea water and for recycling industrial waste water 

12.3.5 Hydrogen Peroxide 

Preparation ■ Hydrogen peroxide can be prepared in the laboratory by the action of 
_cold* dilute sulphuric acid on sodium or barium peroxide^ 
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Na 2 Ch(s) + H 2 SO 4 (aq)-* H 2 O 2 (aq) + Na2SC>4 (s) 

Ba0 2 (s) + H2SO4 (aq)-- H2O2 (aq) + BaS04 (s) 


It can also be prepared by the hydrolysis of peroxydisulphuric acid which is 
obtained by the electrolytic oxidation of sulphuric acid! 

2 H 2 SO 4 (aq) - el - Ctr ° ly ^ - H 2 S 2 O 8 (aq) + H 2 (g) 


H 2 S 2 O 8 (aq) 


H 2 O 


H2SO4 (aq) + H20 2 (aq) 



industrially, the method of production of H 2 O 2 is by the auto-oxidation of an 
jorganic compound, 2-ethvl anthraquinol. This involves an ingeneous cycle of reaction 
I shown below. The net reaction is a catalytic union of H 2 and O 2 to yield hydrogen 
1 peroxide. 

1 Ch(atr) 

2-ethyl anthraquinol ~ (oxidised product) + H 2 O 2 
H 2 /Pd 


The hydrogen peroxide formed in the above reaction is extracted with water and the 
aqueous solution is concentrated by distillation (under reduced pressure) to obtain 
30 % (by weight) of H 2 O 2 solution . Further careful distillation under low pressure 
followed by freezing out of the remaining water produces pure H 2 O 2 . Hydrog en 
peroxide easily deco mposes into water and oxygen and this process is catalysed by 
trac!T'met'ari'mpufit , ies7 _ stFong"bases and exposure to Tight. Because of this property 
of H 2 O 2 , concentrated solutions can be dangerous as uncontrolled, rapid decomposi¬ 
tion cah result in an explosion. It is stored in coloured wax-lined bottles in the 
presence of a stabiliser. 

Physical Properties and Structure: 

/Hydrogen peroxide is a pale blue liquid 
/with a-melting point of 272.4 K; it-is 
I somewhat mote dense and viscous . than 
water. SinceH 2 O 2 decomposes vigorously 
on heating, it is not possible to determine 
its boiling point at atmospheric pressure; 
the estimated normal boiling point is 
423.2 K. It is completely miscible with 
water 

Hydrogen peroxide molecule adopts a 
-*nnn : planai stnictuVc -jmd-.the_molecular 
LiliirriTtTtIon’s found in tlie gas phase are 
shown m Figure 12.6. Tft'the crystal, the 
dihedral angle (111.5°) reduces to 90.2° on account of hydrogen bonding . The two 
b xvkefl atoms “are joined hv p eleelrnn-pair pnpd 

Reactions of Hydrogen Peroxide: As noted above, hydrogen peroxide is unstable and 
decomposes to give water and dioxygen. This reaction is slow m the absence of 
catalysts. Decomposition is catalysed by certain metal ions (e.g., Fe 2+ ), met al powd ers 
(Pt, Au) and metal oxides (e.g. MnCh). — """" 



Fig. n.6 Structure of hydrogen peroxide 
in the gas phase 
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2H:0: (l)-* 2H 2 0 (1) + 0 2 (g) . 

Hydrogen peroxide has an interesting chemistry because of its ability to function 
as an oxidant as well as a re ductant in both acid and alk aline solutions. The 
oxi dation s fate of oxygen in Tjvrirotien peroxide js-1 H cantherelore "BToxidised to 
0 2 (zero oxidation state) or reduced to,H 2 0 or OH' (—2 oxidation state for 
oxygen) On the whole, hvdrmmn peroxide is a very powerful oxidising agent 
poor reducing agent. S ome Lypical oxidation and reduction reactions of hydrogen 
peroxide are shown below. 


2Fe 2t + H 2 0 2 + 2H* 
2MnO\ + 5H 2 0 2 + 6 H + — 


2Fe + 2 H 2 0 




Mn + H 2 0 2 


■ 2Mn‘ + + 8 H 2 0+ 5 0: 
Mn w + 2 OH' 

- 2 Fe 2+ + 2H 2 0 + 0 2 


Fe + H 2 0 2 + 20 H'— 

The oxidising property of hydrogen peroxide is pill to use in the r e^UXLallQ nof 
old paintings where th e original white lead paint has been converted to black PbS 
by the H 2 S in the atmosphere YH ydrogen peroxide ox idises the hl ank PhS into- uahiie 
PbSOw 


Pbs(s) + 4H 2 0 2 (aq)-* PbSO„ (s) + 4 H 2 0 

(black) (white) 


Uses The main industrial use of hydrogen peroxide is as a bleaching agent for 
textiles,, wood an d. p apacjulp It is also used in the manufacture of many inorganic 
rfnd organic chemicals (e.g , sodium perborate, epoxides) A dilute solution of 
hydrogen p eroxide is used as a disinfectant for cuts and wound s Highly con¬ 
centrated H 2 0 2 is used as an oxidant for rocket fuel! 

12 4 NITROGEN 


Nitrogen is the first element of group 15 of the periodic table and has the electronic 
configuration. Is 2s 2\p . It has five electrons in its outermost shell Nevertheless, the 
maximum number of covale nt bonds formed by nitrogen is limited to fom^ fe.ir.. 
NH 4 salts) because it fias no d orbitals in its valencd level. Like oxygen and 
hydrogen, nitrogen exists in its elemental form as a diatomic molecule (N 2 ). It is a 
typical non-metal with a high electro-negativity next only to that of .f luorine an d 
Nitrogen forms a variety of compounds in all oxidation states ranging from 
-3 to + 5. The common oxidation states are -3(e.g., NH 3 or Mg 3 N 2 ), +3 (e.g., 
NaN0 2 ) and + 5(e g , N 2 0 5 , HNOj). ■ 

Nitrogen is important for life processes as it is a constituent of plant and animal 
proteins Assimilation of atmospheric nitrogen (N 2 ) by plants occurs through two 
important nitrogen fixation processes' 

(a) During thunder storms nitrogen and oxygen of the air unite to form nitrogen 
oxides which are eventually converted into nitric acid and nitrates in the soil. 

(b) Soil bacteria in the root nodules of some plants such as beans fix atmospheric 
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nitrogen into compounds that the plant can readily utilise. Many aspects of biologi¬ 
cal nitrogen fixation aie .still a mystery. 

The manufacture of ammonia by the Haber piocess represents the principal 
source of industnal nitrogen fixation. Much of the ammonia manufactured is used 
to make fertilisers. 

Molecular nitrogen comprises 78 ( ', by volume ol the atmosphere. It occurs to a 
small extent in the earth's crust mainly as s odium nitiate, NaNOi 


saltpeter ) and p otassium nitrate (called saltpeter) . Its total abundance m earth 
including the atomospherc is 0.0If; by weight 


12 4.1 Preparation oT Dinitrogen 

Dinitrogen is produced commercially fiom air by liquefaction and fractional distil¬ 
lation. Liquid nitrogen (bp 78 K) distills out first leaving behind liquid oxygen 
(S7p. 90 1 K) Dirutrogcn derived from air contains small amounts of oxygen and 
some of the noble gases. Worldwide production of dinitrogen from this source is 
more than 50 million tonnes per annum, 

In the laboratory, dinttrogcn is prepared by an aqueous.solution of ammonium 
chloride and sodium nitrite 

~ "NHiiCH- NaNO: 3 —JSMg)..,+ -2HjCL+ NaCi. 

Small amounts of NO and HNO3 are also formed in this reaction, these impurities 
can he removed by passing the gas through aqueous sulphuric acid containing ✓'"Sx 
dichromate. Other possible routes for dimtrogen are the thermal decomposition of (!$ J/ 
ammonium dichromattTahd th'e reaction of ammonia withTfcuO aTelevated tem¬ 


N 2 + 4H 2 0 + Cr 2 Ch 
- N 2 -h 3 Cu + 3H 2 0 


peratures: 


(NH4) 2 Cr 2 0 7 ~ 
2 NHj+ 3 CuO 


12.4 2 Properties and Reactions of Dinitrogen 

Dinitrogen is a colourless, odourless, tasteless gas It is non-toxic Dinitrogen has a very 
low solubility in water (23 2 cm 1 per one litre of water at 0°C and 1 atm pressure) 
Its melting and boiling points are 63.2 K and 77 2 K respectively. 

Dinitrogen is chemically unreactive at ordinary temperatures. It is toMpm 
neither combustible nor a supporter of combustion. The N-—N bond M = N 
inJheJN 2 _niQleeule hafcaJjgriTial triple bond character (Unit 6) with a 
Tfond distance of 109.8 pm anttjis very stable (bond dissociation energy 
l?94'irKJTnol“ l 'j 

At high temperatures, dinitrogen combines with many metals an ^l nnq-rn^tals .to 
form ionic and covalent nitrides . A few typical reactions are; 

2Li 3 N 


6Li + N 2 - 
N 2 + 3H 2 

n 2 -+ 0 2 


2NO 
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12 4 3 Uses of Dinitrogen 

The main use ol dinitrogen is in the manufacture of ammonia and other industrial 
nitrogen chemicals (e.g , calcium cyanamide). It also finds use where the presence of 
an inert gas is required (non and \teel industry, inert diluant foi reactive chemicals), 
Li quid nitrogen ts used as a refrigerant to_jiesfirve biological materials, in freezing 
food articles and in cryosurger y 

12.44 Compounds of Nitrogen 

Ammonia Ammonia is manufactured by the Haber proces_s_rej3resented by the 
^equilibrium 

i'l N 2 (g) + 3H 2 (g) 2NH 3 (g) 


In accordance with Le Chatelier’s principle, hi gh pressure would favour the forma¬ 
tion of ammonia The optimum conditions foiHhe production of the ammonia are. a 
pressure o f 200 X 10 5 P a (abc.d ''Of' .. ‘c r;viuti‘.i . of ()~" x K and ‘.he nc of 

a catalvgTsucir as iro n n^U_u.... u. , ,• ; n- o_ K 0 line \l () in u v■ „■.-j .he 

r ate^raftarnmenirof.equilibri-'n 1 :■ • :u. .u 1 oi ■iio pio< ,\i v o <rn 'u'ma’is 
shown in Fig 12.7 Annual world production of ammonia now exceeds 100 million 
tonnes In India we have several large ammonia manufacturing units. 



t N; 


+Hi 


liquid NHj 


Fig 12 7 r/cm than fni the inanii/ai Hire of ammonia 


A convenient laboratory preparation of a mmonia consis ts of heating an ammo - 
nium^sa lt with a strong alkali (e.g , NaOH) eith er, jn the~snlid 7 orTrr ~ordissolved~In 
waterfrcarralso^be prepared ly'the h ydro IvsislQljna-gBe.siurnjiitride- 


/ ^ffg 3 N 2 + 6H 2 0 


3Mg(OH) 2 + 2NH 3 . 
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//Ammonia is a colourless gas with a pungent otloui lus 
I melting point and boiling point aie 198.4 K and 239 7 K 
respectively “I lie ammonia molecule is tngonal pyiamidal 
with the mitogen atom at the upe\ 

| In the solid and liquid states, il is associated through hydrogen bonds as m the case 
of watei 

Ammonia gas is highly soluble in water. Its aqueous solution is weakly basic due 
to the equilibrium’ ~~ 

NHi(aq) + H;0 NH/ (aq) + OH“ (aq) 

The presence of a lone pair of electrons on the nitroge n atom of the .mnypm a 
molecule makes it a Lewis base. It forms coordinaicTlinkage with metal urns and 
these ammonia compounds find use in qualitative analysis as shown below 

Cu** + 4 NH,^[Cu(NH,).,] > 



Ammonia is used mostly to produce • m r, * - t r.e ‘..^^f ertilisers (ammonium 
nitrate, urea, ammonium phosphate and .• 1 and in the manufac¬ 

ture of some inorganic nitrogen compounds, iHp p^sf j m p.-.rtnni irn i) being nitric 
acid. L iquid ammonia isjdsn used ns p gTrigynip* 

Oxitfes oj Nitrogen: Oxides of nitrogen provide a fascinating picture horn the poinL 
oLmew of their varied structuics and diverse chemical behaviour. They range fiom 
/N 2 Oj)oxidation state of nitrogen + 1) through NO, N 2 O 1 , NO 2 , N 2 O d to N 2 OS in 
Vhrtn the oxidation state of nitrogen is +5 The structures of these six oxides of 

nitrogen are shown below (Figure 12 8), Nitric os,.V !_ ■ . .. c 1 %■>..' .■ .■ 

important in the manufacture of nitric acid and nitrate fertilisers In recent year s N 2 Q 4 
h»s-2>££t Lused as an oxidisci [01 locket luels in qnssijpx- a ml js 


N — N — 0 

p $, ■ Nitrous oxide 




Dimtrogen trloxide 




Dinitrogen tetroxide 


N—0 
Nitric oxide 


' VN) ' ^ 

NItrogen dioxide , 

°w c 
o / V 

Dimtrogen pentoxide 


Fig 12 8 Structures of six oxides of nitrogen: only the molecular shapes are shown and bond descriptions 
omuied. 
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SMOG 


Inhabitants of metropolitan cities like Delhi, Calcutta, etc have become 
used to a smoky atmospheie. In the winter .months., the morning fog 
couples with smoke jind. sulphui dioxide (produced by the incomplete 
caffibusHan'oT''coal) m tojiield what.isJ;riown..aK.SM.O.& ta .. 

ArrotftErTmd of smog brewing up nowadays is the photochemical 
smog, the product of a sunnv cljflialS stnoly Nitrogen and oxygen of 
the air combine with each other in the high temperature pockets (e.g, 
around automobile engines or furnaces) to produc e colourless nitric oxide 
ga^— Nitric^oxide fcfuith^oxidised to giveTHrown nitrogen dioxide gas 

NTtr0geT3ioxid^asdissolves in falling rain w ater to ,make, it jt&idtg,. This 
no^becomes" hai mfuf ^ndLma.y?ieact further-to produce a number of 
'1 dangerous compounds Nitrogen dioxide may^eypii.lie"dEcSm^SSjBOJCthe 
the u11raVjple'fTayrofTheTun to releasenascent oxygen 

.N0 2 ^=;NO + tO] 


Nascent oxygen c ombines with molecular nxvgen to give corrosive ozone 
thaJUxi mtating to the eyes and lungs Many harmful compounds are also 
produced by incomplete oxidation of the hydrocarbon fuels 

Efforts are being made to reduce this problem by adding catalysts to 
the fuel that help in removing the unwanted hydrocarbons left due to 
incomplete oxidation of fuels and prevent the breakdown of nitric oxide 
to nitrogen and oxygen. However, an efficient method is yet to be 
discovered 


Oxides of nitrogen, (NO) x are emitted into the atmosphere during the burning of 
oil and coal (in power stations, refineries and automobiles) causing air pollution 
Vitric acid. Nitric acid is the m’ost important of the oxyacids of nitrogen. It is a 
widely used industrial chemical and is munufactured by tbtv.catalytjr nxi datjo n of 
nmoma in what is known as OSTWALDJROGESS.- 


4NHrf- 5 0 2 


Pt/Rh 

catalyst 


4 NO 4- 6H 2 0 


i ^ 1120 K . 

2NO + 0 2 —:-- 2 N0 2 


3N0 2 + H 2 0 


2 HN0 3 4- NO 
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Photo I Inside view of ihe mine at id plant (Manual fertilizer faitorv) 

Courtesy PIB, New Delhi 

The aqueous nitric acid obtained by this method can be concentrated hv distillatio n 
to ~ 68.5% by weight. Further concentration to 98% acid can be achieved by 
dehydration with concentrated sulphur ic acid. 

\_j!n-the laboratory, nitric acid can be piepared by heating NaNOi or KN0 3 with 
concentrated sulphuric acid in a glass retort 

/ NaNOj + H2SO4-- NaHSCL + HN 0 3 

rous nitric acid.can be obtained by distillation of concentrated aqueous nitric 


q gjd witlv-Pi£)ji) v It is a colourless liquid with melting and boiling points of 231 4 K 
and 355.6 K. respectively. Its density at 298 K is 1 504 gem 3 . Laboratory grade 
nitric acid contains 68% of the acid and has a specific gravity of 1.414. 


In the gaseous state, ^HNOj.jauiiL.as 
planar molecules with the structure .given 
alongside; — - 


\ t20 A Q C 

U0>6 X 

pm (; 

Nitric acid 


In aqueous solution, nitric acid is a strong acid and dissociates to give hydronium 
and nitrate 10 ns Neutralisation of the acid with the appropriate alkalies yields 
nitrates, the salts of nitric acid 
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HN0i + H ; 0^=± H,0 + + NO," 

The ni trate ion, NO",, is lsoelectronic with carbonate ion, CO, 2 , and is also planar 
The nitrate ion can be represented by the resonance structures shown below 


0 

111 

j 


© 


© 

0 


© 

0 


Cr ^0 
© 


© 


0 ' / ^0 
© 


0 ^% 

© 


Concentrated nit ric acid is a strong oxidising aeent and attacks .mmi .metals 
excepPrrame metals such as iiold. ajjd, pl atinum, Some metals (e g.. Cu,Al) do not 
dissolve in concentrated nitric acid because of the formation of a passive film on the 
surface The products of reduction depend upon the concentration of the acid, 
temperature and the nature of the material undergoing oxidation The piinciple 
pr oduct is nitric oxide (NO), whe n d ilute nitric acid is us ed and N(IV) oxides . 
when cone riNO, is used— * 

3Gtf+ 8 HNO, — 

(dilute) 



3 Cu (N0 3 ) 2 + 2NO + 4H 2 0 


Cu+ 4 HNOj 
(cone) 


Cu(N0 3 ) 2 + 2NO ; + 2 H 2 0 


^/^inc, which is a more powerful reducing agent than copper, reacts with dilute nitric 
acid to give ammonium nitrate 


4 Zn + 10 HNO,-* 4 Zn(NOj)j + NH..NO, + 3 H : 0 

Nitric acid also oxidises non-metals and then compounds Iodine is oxidised to iodic 
acid, carbon to carbon dioxide, sulphtu to H 2 SO, and H ^>0| and phosphoius to 
phosphoric acid N itric acid reduce d io mimnen dioxide (N Qd 

1+ 10 HNO,-- 2H10,+ 10 NO: 4H 2 Q 


C + 4HNO,-►CO- + 2 H 2 0 ■+ 4 NO, 


1/8 Ss + 6 HNO,-- ■ H:SO, + 6 NOj + 2 H : 0 

P* + 20 HNO,-4 HiPOj + 20 NO, + 4 H 2 0 

i /V ^ 
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The familiar bro\yn-ring_t e i>Lfor niUaLei>jtep£Cic!s_on the ability ol Fe : ‘ to* reduce 
nitrates to nitric oxid e w hich react;, with Fe~‘ to form a brown coloured complex 
The test is usually carried out by adding dilute feirous sulplTatelo an aqueous 
solution suspected of containing nitrate ion, and then carefully adding concentrated 
sulpHunc acid through the sides of the test tube so that a separate layer is fomtedV A 
brQwn ling at the interface between the solution and sulphunc acid indiceies the 
presence of, nitrate ion in so in tip a. 

NOT + 3Fc J * + 4H*-NO + 3Fc'* + 2H : 0 

Fe : ‘+ NO -* [Fe( HiOWNO)] 2 * / 

(brown) / 

Uses oj Nitric And: The major use of nitric acid is in the manufacture of ammonium 
nitiate for fertiliser and other nitrates for use in explosives and pyrotech nics It is 
also” used for the preparation of nitroglycerin, trinitiotoluene, and othei organic 
nitro compounds. Another majoi use is in the PICKLING OF si AIN LESS S1EF1 and 
etching of metals and as an oxidiser ih rocket fuels. 


EXERCISES 


12 1 Discuss the position of hydrogen in the periodic table 

Distinguish clearly between salt-like and covalent hydrides. 

12.3 Describe the industrial uses of hydrogen which depend on’ 

(i) the heat liberated when it burns 

(ii) its ability to react with vegetable oil in the presence of a catalyst 
(lii) its ability to unite with nitrogen. 

12 4 Why does elemental hydiogen react with other substances only slowly at room 
temperature? 

12 5 (i) How would you prepare dihydrogen from water by using a reducing agent’ 

How would you prepare dihydrogen from a substance othei than water’ cm' 

How would you prepare very pure dihydrogen in the laboratory? 

(iv) How would you prepare heavy hydrogen in the laboratory? 

12 6 What are the products of the following reactions? Write balanced equations 

(i) Fe (s) + H:(g)-. 

(ii) PbS(s)AOi(g)- 

(iit) MnOT(aq) + H:0 : (aq)-- ft kA ^ ® < T > 

(tv) 02(g) T Sg(s) _J-* 

12 7 State whether each of the following compounds is a basic ot an acidic anhydride, 
Write a balanced equation for the reaction with water in each case. 

Na;0, PiOt,, SO 2 , AI 2 O 3 , 
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12,8 What is the shape of the ozone molecule 9 

12 9 Write Lewis dot structure(s) for ozone molecule and explain why the 0-0 distances m 
ozone are equal, 

12 10 What is the importance of ozone for plant and animal life on earth 9 

12 11 What is the importance of heavy water with regard to nuclear power generation 9 

12 12 How is heavy water produced from ordinary water? 

■12 13 Why does water have a high boiling and a high melting point compared to HiS? 

12.14 Describe the structure of the common form of ice, 

12 15 Distinguish clearly between' (t) hard and soft water, (n) temporary hardness and 
permanent hardness 

12 16 What are the different methods used for the softening of hard water? Explain the 
principle of each method. 

12 17 What are the ways in which water molecules are bonded to an anhydrous salt to form 
a hydrate? 

12 18 Why is water an excellent solvent for ionic or polar substances? 

1219 Why does hard water not form lather with soap? 

12.20 How is hydrogen peroxide manufactured? 

12.21 What is the structure of hydrogen peroxide 9 Draw a schematic diagram indicating the 
shape of the molecule clearly 

12.22 Explain why HsOi cannot be stored for prolonged periods. 

12.23 Show how hydrogen peroxide can function both as a reducing and as an oxidising 
agent. 

12 24 Hydrogen peroxide is used to restore the colour of old oil-paintings containing lead 
oxide Write a balanced equation for the reaction that takes place in this process 

12.25 Give examples of compounds in which nitrogen exhibits oxidation states of —3, +3 
and +5. 

12.26 Give an equation for the reaction that takes place on heating ammonium dichromate. 

12 27 Discuss the principles involved in the Haber’s process for the manufacture of ammonia 

12 28 Explain the following observations. 

( I ) NHi has a higher boiling point than PH 3 

( II ) Ammonia is a good complexing agent f 
(lii) Nitrogen does not form any pentachloiide. 

12 29 Describe two distinct routes for the conversion of atmospheric dinitrogen to com¬ 
pounds which ultimately lead to the formation of amino acids and proteins in our 
body 

12 30 Write balanced equation(s) for the manufacture of nitric acid by the oxidation of 
ammonia 

12 31'' What is the structure of nitric acid 9 

f 

12 32 Illustrate how a metal can give different products with nitric acid. Give balanced 
equations. 
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12,33 Describe the uses of nitric acid 

12 34 How is dinitrogen prepared in the laboratory 9 

12.35 Identify the products of the following reactions' 

(Give balanced equations), 

(i) MgjNa + H 2 0-- 

(ii) I + HNO,_ 

(iii) Cu -KjHNOi (Concentrated)_, 

(iv) Li + Ni-. 

12 36 Illustrate how nitrogen compounds provide good examples of multiple bonding and 
resonance 

12 37 What is the mass of hydrogen peroxide present in 1 litre of a 2 M solution 9 Calculate 
the volume of oxygen at STP liberated upon the complete decomposition of 100 cm 3 of 
the above solution, 

12,38 How would you prepare a sample of NDj? 
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CHEMISTRY OF NON-METALS-!! 

(Boron, Silicon, Phosphorus, Sulphur, Halogens and the 
Noble Gases) 


Silicon is everywhere in Nature, in rocks , 
clays and sand; it’s only next to oxygen in 
abundance. Without elemental silicon there 
would have been no modern electronic 
revolution. 
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OBJECTIVES 
In this Unit, we shall learn 

* the chemistry of boron, boric acid and borates; 

* the chemistry of silicon, phosphorus and sulphur; 

* the preparation and properties of phosphoric acid, phosphatic ferti¬ 
lisers and sulphuric acid, 

* the occurrence, preparation and properties of halogens; *■ 

* the chemistry of noble ga,se\ 






CHEMISTRY OF NON-MH MS II 


355 


IN THE previous UMI \vc learnt about the chemistry of three typical non-metals— 
hydrogen, oxygen and mitogen -belonging to the fiist and second periods of the 
periodic table, In this Unit, we shall take up for study the chemistry of a lew more 
non-metals - boron, silicon, phosphorus, sulphur, halogens and the noble gases. 
Although boron belongs to Group 13 of the periodic table, it shows similantics to 
both its neighbour, cat bon and silicon. Carbon comes next to boron in the periodic 
table and silicon is located diagonally across. Silicon, phosphoius and sulphur, being 
elem ents of the t hiit L period—o l .il m-p ft rinditv -l' fi - hln , h.xitf Jiir^er . sr/es and lowe r 
-- ‘ .tst members of their respective groups (carbon, introecn 

. rustics lead to substantial differences in the chemistry of 
St, P and S compared with their group partners, C, N and O respectively 


Halogens, as a class, show much more similarities in their chemical bchavioui 
than any other group of elements except groups 1 and 2 The discovery of noble 
gases and their very high chemical stability have played an important role in the 
development of the periodic table and the theories of chemical bond Although they 
had been regarded as totally inert for a long time, in the last two decades, several 
compounds of noble gases (particularly of xenon) have been prepared We shall 
discuss these aspects very briefly, We shall also study the manufacture and uses of 
some important industrial chemicals such as sulphuric acid, phosphoric acid, 
phosphatic fertilisers and hydrochloric acid. 


13.1 BORON 

Boron is the firsLmemher-of gro up 13 of the periodic table and is the only n.oj t- 
jhetal of this group. Its electronic configuration is 1 j 2 2.f 2 p] wit h three electrons in 
I the valence shell. The chemistry of boron is" in several respects different from that of 
'/the other members of Group 13. Because of its small size, high i onisation energy a nd 
l ow electronegativ ity, boron forms a variety of co valent molecular compounds . In 
this respect, boron resembles carb on and silicon However. -s mceljtJte-^umhoi of 
valence electrons (three) in boron is one less than the number of valence' orbitals 
(four), boron compounds, especiall y t h fi hydadesrjje usually, referred-to- as' EL£ C- 
TRON DEFICIENT compounds. Because of their electron deficient nature, boron 
compounds can readily accept electrons from molecules which can donate electrons. 
B oron compounds thus behavy as Lewis acids . . * 


13 1.1 Occurrence 

The abundance of boron in the crust of the earth is low (~ 0 001%) Boron occurs 
tainjty as 'boTTf^ang~^rfmboricac)d} The important minerals of b oron are BORA X 
8H 2 Q, KERNITE NaTBiOdOHL l and C.aL£MAN.iT£iGai[-BjQb(©H) 3 ']2 
£Ht?T. Commercially viable -deposits of borates are found in California (U.S.A) and 
’Turkey. In India, borax occurs in Puga V alley, L adakh and -Sambhar Lake, 
Rajasthan, 
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13 12 Isolation 

Elemental boron is obtained by one of the following lour methods, 
yfa) reduction of oxides by electropositive metals; 

B:0,(s) + 3 Mg(s) -- 2B(s) E 3 MgO(s) 

(bj the reduction of a volatile boion compound by dihydrogen at high tempera¬ 
tures, 

1270 K 

S^BCh(g) + 3H; (g)-2B(s) + 6 HCl(g) 


(c) electrolytic lcduction of fused borates or other boron compounds (e.g , KBF4) 
at 1000 K 01 above, and 

(d) thermal decomposition of boron hydrides. 


13 13. Physical Properties 

['Boron is an extremely haid solid with a melting point greatei than 2450 K At least 
three allotropic foirns of boion are known It has a low electrical conductivity It 
occurs in two isotopic forms, U, B (-20%) and "B (-X(l%) 

13 14 Chemical Properties and Reactions 

Boron 1 s--unr.eact 1 ye_.la-.. most. chemical reagents at ordinary temperature except 
towards strong oxidising agents such as fluorine‘and concentrated mine acid. It 
.combines with metals at very high tepeiatures to form borides which ate generally 
hard, high-melting solids 


BX 3 (X = Cl, Br, 1) 



Eig 13.1 Some reiiaiorvi of 'elemental boron 
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Boron combines with oxygen, nitrogen and halogens at elevated temperatures to 
yield boron trioxide, boron nitride and boron trihalides respectively. It reacts with 
fused caustic alkalies formi ng borates with the evolutio n of hydrogen (Fig 13.1) " 

In view of the trivalency of 
boron, we would expect it to form a 
simple hydride, BHa. However-,-this- 
is not the case. The simplest boron 
hydride is diborane,, BiHd. Besides 
diborane, boron forms a number of 
higher hydrides (e g., B5H9 -and 
B«Hio). 

The structure, .of. diborane is 
shown alongside: 

The four terminal hydrogen atoms and the two boron atoms lie in one plane. Above 
and below this plane, theie are two bridging hydrogen atoms. Each boron atom 
forms four bonds even though it has only three electrons. The terminal B-H bonds 
are regular bonds but the bridge B-H bonds are different. 



H 


13.1 5 Borax and Boric Acid 



Fig. 13.2 Structure of boric acid; the doited lines 
represent hydrogen bonds 


Boron forms strong bonds jwith 
ox ygen as reflected in the invariable 
occu r ren ce of borates in nature 
(section 13.1.1). The basic structural 
unit in borates can have one or more 
boron atoms linked together by 
intervening oxygen atoms in the 
form of chains and or rings. Borax 
contains the tetranuclear units 
[B40 5 (0H)<t] 2 ; its correct formula js 
| therefore NajT 8 H 2 O . 

Borax dissolves in water to give 
■ alkaline solutions. Borax Is therefore 
useif as'a water softener and clean- 
singagent,-- 

Boric acid is the trivial name for \ 
orth oboric acid, H 3 BO 3 . lt is usually 
prepared by acT difyin) 
sojutSa ofjborax; — 

2N aCH- 4 B(OH) 3 


Na2B 4 0 7 + 2HC1+ 5H 2 0—- 

Boric acid is also formed by the hydrolysis (reaction with water or dilute acid) of 
most boron compounds (h^c ^^^^^^ yitTs-a white crys talline,sub stang^ It 
has a layer structure in whichfpfa nar BOTj units are joined by .hydrogen bonds as 
shown in Figure 13.2. - ' 


an aqueous 
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Boric acid is a weak monobasic acid, It differs from other protonic acids. It dp^s not 
act as a proton donor but acts asT Lewis acid bv accepting a hydrox yl ion: 

B(OH) 3 + HOH-* [B(OH) 4 r + H + 

Heating orthoboric acid above 370 K leads to partial removal of water to yield 
m etaboric acid, HBO 2 ; further heating yields boric oxide, B 2 Q 3 _ which is the principle 
oxide of boron. 


HjBOj jUL HB0 2 B 2 O 1 

H 2 0 H 2 o 


13 1.6 Uses of Boron and Its Compounds 


f< The main industrial application of borax and boric acid is in the manufacture of 
//lieat resistant tjprosilicate glass (e.g., pyrex). Borox is also used as a flux for ^ 
//s pidering metals and for making porcelain~enamels. A solution of boric acid in 
water is commonly used as a mild antiseptic Because of the very high ability of 
boron-10 ( 10 B) isotope to absorb neu trons, m etal bori des are used : n nuc lear industry 
as protective shields and control rods ^-Boion iilamcn’.i «nc used in making-light, 
composite materials for, aircraft. 

—- v 

13.2 SILICON ! 


6 . 

, /// 
//v 


Silicon is the second member of group 14, appearing just below carbon in the 
periodic table and has the electronic configuration,,! s 2 2s 2 2p 6 3s 1 3p 1 i We would 
therefore expect similarities between silicon and carbon. This is indeed so upto a 
point. Thus silicon forms compounds such as SiH« and SiX 4 (X= halogens) (just as 
carbon forms CH 4 and CX 4 ); sili con has a tetrahedral geometry in these compounds. 
There are also considerable differences betweeffThfe’ Cheffiisiry^r silicon and that of 
carbon. For example, c arbon dioxide (C0 2 ) is a gas whereas silicon dioxide (SiOi) is 
a high-melt ing solid The reasons for the differences are - ' 

(a) Si licon atom has a larger size (117p m) than ( 77pm) and as., a 

result, the Si-0 bonds are considerably stronger than Si-Si or Si-H 
.bonds. 

CB) Silicon forms multiple bonds with itself with great reluctance and does 
not form a double bond with oxygen unlike carbon which forms numer¬ 
ous compounds containing C; C = C and C = O groups (Unit 7.) 
ilicon can utilise 3d orbitals for bonding and can form penta- and hexa- 
1 coordinated compounds. 

Silicon is of great importance in electronic, glass and cement industries. Much of 
modem electronic,industry, depends on devices made from elemental, silicon. " 


1 3.2.1. Occurrence, Preparation and Properties of Silicon 

Silicon does not occur in nature as the free element but its a bundance (21.2%) in 
the earth’ s cru st is seco nd only to oxygen ^A5.5%). It is present everywhere m the 
form of silica (Si0 2 ) and silicates whicn contain silicon-oxygen bonds and metal 
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ions. Rocks and clays comprise of silicate minerals. 

Elemental silicon is made by the reduction of sand (which is largely Si0 2 ) with 
coke in an electric arc furnace. 

Si0 2 + 2C-* Si + 2 CO 


An excess of sand is used to prevent the formation of silicon carbide. 

2SiC + Si0 2 -* 3Si + 2CO 

Silicon obtained by this method is generally 96-9 jj%-pure and is mostly used in 
metallurgical industry to produce<ferrosilicgjvand other alloys. It is also the starting 
material for the production of SILICON POLYM ERS These polymers contain a Si-O-Si 
framework with hydrocarbyl substituents. They are heat-resistant and water-repellant 
and find a variety of applications 

Very high purity silicon is required to make semiconductors for transistor appli- 
cations. T his grade of silicon is made by the reduction of highly purified JslOli or 
SiHCl 3 wit h dihvdrogen o r by the deco mposition of S 1 H 4 ’ ’ 

l Elemental silicon has a shining metallic lustre with a melting point of 1793 K 
and a boiling point of — 3550 K It has a diamond structure It is p articula rly 
u nreactiy p at mat. to wards all elements except fluor ine. It combihes 

with other halogens and elemental oxygen and nitrogen at high temperatures. It also 
combines direct ly with magnesium and oth er—m etals ' a t~~the temperature of the 
electric furnace f2000- 2500 K) to form compounds such as Mg 2 Si 

Unlike carbon, silicon dissolves in hot aqueous alkali to liberate hydrogen 

Si + 4 OH"-* SiO"" + 2 H 2 


The binary compound of silicon with carbon (SiC) is known as CARBORUNDU M 
which is used as an abrasive and refractory materi al. 

13.2 2. Silicates, Silica and Glass 




Silicate ion 


Rocks and its weathered products (soils, clays and sands) 
consist of almost entirely silicate minerals and silica. Among 
the silicate minerals, we should specially mention quartz, nnca, 
asbestos, feldspars and zeolites. The basic structural unit in 
silicates and silica is the (Si 04 ) 4 " ion which is arranged in yarious ways lo. bujj.d__.up 
chains, ribbons, rings, sheets and three dimensional networks Silfca occurs in 
various forms and is used extensively in industry and laboratory, Silica gel is used as 
desiccant and as a chromatographic support. V itreous silica is u s ed tA make-glassa 


WAT^ 

, j Two of the important man-made silicates from a practical point of view are glqss 
I and cement. We shall learn about cement in Unit 14. Here we shall briefly deal with 
hthe different types of glasses and how we can make them 
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When molten silicates are cooled rapidly, we get a transparent and non-crystalline 
material, called glass Gl ass is not a true solid, it has no defijuis . melting po int It 
softens when heated to a certain temperature. Ordinary glass is a mixture of sodium 
and calcium silicates and is produced by heating a mixture of sodium carbonate, 
calcium oxide and silicon dioxide (or sand) in a furnace around 1700 K. 

Na 2 C0 3 + Si0 2 -- Na 2 Si0 3 + C0 2 

CaO + S 1 O 2 -* CaSiOj 


This type of glass is known as sod a glass or so ft glass which has an jpproximate 
coi pjosition, Na 2 Si0 3 , CaSi0 3 V 'TSIt)2. Addition of transition metaTcompounds to 

the glass mix gives coloured glasses. Small amounts oiCr (111), Mn \lV), Cm^II) or^_ 

Fe (III) compounds impart g re^n , v idUt , bfe or brown colour respectively. Leac^’V 
p plash glass has a hig h refractive md’ex and is used for making cut-glass objects ana^-" 
lenses for optical purports. Addition of boric oxide or borax to replace part of Si0 2 
leads to a heat-resistant borosilicate glass with a low coefficient of thermal 
expansion. This type of glass (trade name pyrex ) is used for making laboratory 
glassware; as it can withstand sudden changes of temperature 

13.3 PHOSPHORUS 


Phosphorus is the second member of groqp 15 of the periodic table and has the 
electronic configuration. Is 2 2 s 2 2p 6 3 s 1 3 p i ) It is an analogue of nitrogen with the 
same number of valence electrons, but differs from nitrogen considerably in its 
chemical behaviour, Some of these diffe rences can be accounted for on the basis of 
the-large r siye n nri-the~Inwer eleefrnnegativi ty~t>T plin^fiornscomjpaTfiS' witfTmtrogen. 
Whereas nitrogen forms numerous compounds in which it has sn oi~ vp r hybridisa¬ 
tion, th ese hybridisation s tates are not particularly^ stable fop phosphorus. Phos¬ 
phorus compounds play an lmportantToIelnlife processes, several of its compounds 
have also industrial applications The most important of these chemicals are 
orthophosphoric acid and phosphatic fertilisers 

13.3 1. Occurrence 

Phosphorus occurs mainly in the form of phosphate minerals in the crust of the 
earth The most common minerals are hydroxyapatite,) CasfPO^jOH and fluor- 
oapatite, Cas(PO.t) 3 i\ Vast deposits of phosphate rocks occur in North Africa and 
North America In India,commercially viable phosphate rock deposits are found in 
Rajasthan. Phosphorus is an essential constituent of ahimal and plant matter. It is 
present in bones (as inorganic phosphate) and also in living cells (in DNA).j 

13.3.2. Preparation and Properties 

Elemental phosphorus is obtained by heating phosphate rock with coke and silica in 
an electric furnace at about 1770 K The reaction may be represented as' 

2Ca 3 (PC>4)2+ 6 Si0 2 


P4O10+ 10C 


6 CaSi0 3 + P 4 O 10 
P<+ 10CO 
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The phosphorus so obtained is white phosphorus which existp as discrete P 4 
molecules It is extremely reactive towards many reagents. It spontaneously ignites 
in air and shows a glow, thus deriving its name PHOSPHORUS meaning light bringing 

It is soluble in solvents such as carbon disulphide: Tts melting point js~ 317 ~K- 

,! Phosphorus exhibits allotropy In addition to white phosphorus, there are two 
/other allotropes, RED PHOSPHORUS and B LAC K ph osphor us. Red phosphorus is 
obtained by heating white phosphorus at 540-570 K out of contact with air f or 
several hours, It is less reactive and less soluble than white - phosphorus, Red 
phosphorus has a polymeric structure as shown in Fig 13 3. At room temperature, 
the stable modification of elemental phosphorus is the red allotrope Black phos¬ 
phorus is made by~ heating white phosphorus to 470 K under high pressure Black 
phosphorus exists in three crystalline and one amorphous form. Only at temperatures 
greater than 1070 K does phosphorus vapour dissociate to give P 2 molecules. This 
behaviour may be compared with the extreme stability of dinitrogen at room 
temperature (Can you suggest why?) 



Fig. 13.3 Strut lures of while ami red phosphorus 


/ The three important oxidation states of phosphorus are —3, +3 and +5 typified by 
'the compounds, calcium phosphide (CaiPi),’ phosphorus trichloride (PCI 3 ) and 
phosphorus pentachloride (PCI 5 ). 

13.3.3. Oxides and Oxyacids of Phosphorus 

When phosphorus is burnt in a limited supply of oxygen, it forms phosphorus 
trioxide which is formulated as P^Os. With'an excess” of air'o'CoxygcnTThc "higher 
oxide" of "phosphorus called phosphorus pentoxide is formed. Phosphorus pentcmtkC 
consists, of discrete P 4 O 10 molecules. It is a powerful dehydrating^agenT^Bbth 
phosphorus tnoxide^and phosphorus _pentpju.{je -aremcidic-oxid es which..dissolve un 
water to give phosphorus and phosphoric acid, H 3 PO 3 andJHpPO^ respectively 


P 4 O 6 + 6 H 2 O 

P 4 O 10 + 6H 2 0 


4 H 3 P0 3 
■ 4 H 3 PO 4 


The latter ac id.is known as QR XHO 
PHOSPHORIC ACID and _it s struc- , 

ture is 'Shown liT.(FfgTl3.4) Salts 

of orthophosphoric acid are knpyyp 
as orthophosphates.'"Since ortho- 


Fig. 13.4 Structures of orthophosphoric acid and 
phosphate ton 
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phnsnhoric acid is t ribasic, three series of salts are possible; these are dih^rogen 
phosph^s monoliy 3 rogen phosphates and normal phosphates. Like £i(V /'and 
507", PO 4 >has a tetrahedral structure (Fig 13.4 ) 


TKT^emistry of the acids of phosphorus is quite complicated Two or more 
PO 4 ’' units caiYjoin together to give what is 


known as Cdhdense"3"ph6sphates,' 'a',situa¬ 
tion analogous to""that''found in silicate 
structures. The structure of pyrophosphate 
(formula PjO? 4- ) and metaphosphate ions 
(emperical formula PO 3 ) are shown along¬ 
side and below respectively. Metaphos¬ 
phates can be cyclic or can have linear 
chains 


J3 


0 ^ 


0 

© 


(a) 


<© 


1^, 
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(b) 


Phosphate groups play an important 
role in biology for energy storage.'Hydro- 
lys is of P ~0—P link releases e .nergv..which 
carTBFpuno useful work 
|/, Orthophosphoric acid is a major mdus- 
; r trial chemical It is manufactured from 
I phosphate rocks and,the acid obtained in 
1 ’ ■ r ?■ c r^viinficii of 


> 1 11 '.‘i - 


P 


-K d 


■ved 


fronrelemerital phosphorus via and hydro¬ 
lysis o f P 4 O 1 Q i s used for the prenaration_n f 
i-firuLapphcations jn 
-pfraff»96aut ical 


foci. 


industries. 



Fig. 13.5 Structures of (a) Pyrophosphate (h) Linear 
metaphosphate ions (c) Cyclic melaphosphate 
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13.3.4. Chemical Fertilisers 

The fertility of the soil can be increased by using artificial chemical fertilisers. The 
chemical fertilisers can be classified into three types: 

(a) Nitrogenous fertilisers- The most important of which are ammonium siHphat^' 
ammonium nitrate, calcium ammonium nitrate, calcium cyanamide and urea 

(b) Phosphatic fertilisers. The most important of which is superphosphate of lime 

Ca(H 2 PO„) 2 . ----- 

(c) Mixed fertilisers. This category of fertilisers contains a mixture of an ammon¬ 
ium salt, ammonium phosphate, super phosphate and potassium salt, It is 
known as NPK mixture 

Phosphatic fertilisers such as superphosphate of lime is obtained from phosphatic „ 
rocks b y treatment wit h coipe atraled sulphu ric-acid. In this way, insoluble phosphate 
rock is rendered soluble in water for use as a source of this essential plant nutrient. 


iCK is rendered soluble in water ft 

Ca 3 (PO.,) + 2 H 2 SO 4 + 5H 2 0 
insoluble 


Ca(H 2 P0 4 ) 2 H 2 0 + 2 CaSO„ 2 H 2 0 
soluble 


Treatment of phosphate rock with phosphoric acid leads to the formation of triple 
superphosphate, Ca (H 2 PO.O 2 .H 2 O which is free from calcium sulphate and hence 
contains a greater percentage of phosphorus 


Ca 5 (P0 4 ) 3 F + 7 H 3 P0 4 + 5 H 2 0 


Ti CafHiPOOi H 2 0 + HF 


13.4 SULPHUR 

The chemistry of sulphur differs'from that of oxygen in the same way as the 
chemistry of phosp horu s.. differs- from_thaL.qf nitrogen. The-electronic configuration 
of sulphur is), 1s 2 2s 2 2p 6 3s 2 3/A/rhu>. Miiplr.n .mu r oim compound ,r, which it has 
an 0 x id a t i 0 rT staTUT) F"— 2 as in the case o’ ov.gen NulpiMi .iim> •>. , u'ws oxidation 
states of + 2, + 4 and + 6, It exhibits a maximum covalency of six as in SFe. The 
most important industrial chemical obtained from sulphur is sulphuric acid 

13.4.1. Occurrence and Extraction 

Sulphur occurs in the earth’s crust to the extent of 0.05% It is mostly found in 
rocks as metal sulphates and sulphides. It also occurs in the elemental form in large 
underground beds. Another major source of sulphur is H 2 S present unnatural gas 
and crude oil 

Sulphur is extracted from underground deposits by pumping superheated water 
(~ 440 K) down the beds to melt the element and then .up out the molten 
sulphur with compressed air. Recov ery of sulpinn 'r orn 'i.i'um. smn .i.ciikLm separa¬ 
ting out-ThS by absorption inT nionoethanoTamirieN and then converting H 2 S into 
sulphur by the following sequencFof reactions 

H 2 S + - 0 2 Low tem P- I S 8 + h 2 o 

combustion s 
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HjS 4” ~ O 2 -. S0 2 + H 2 O 

2 H 2 S + S0 2 Fe2 ° 3 catalyst^ i s + 2 H 0 
303 K H 

Most of the sulphur produced is used to make sulphuric acid and othei 
industrially important sulphur compounds Sulphide ores when heated give off 
sulphur dioxide which can be directly used lor the manufacture of sulphuric acid 
(see section 13 4.3) 

13 4.2 Properties and Reactions 

Sulphur exhibits--allotropy The two important allotropic modifications of sulphur 
are the rhombic and the mon oclinic ,fQEms^-Rhombic sulphui is stable at room tem¬ 
perature whilst monoclimc sulphm is, stable above .369 Both rhombic and mono- 
clinic sulphur consist of eight sulphur atoms combined in a ring but differ from each 
other in the symmetry of their crystals. The S« .ring is puckcted as shown in 
Fig. 13 6 Several other cyclic modifications of sulphur containing 6-20..sulphur 
atoms per ring have been synthesised in recent years. Another form of sulphur 
known as plastic or amorphous sulphur is obtained by .pouring,.liquid sulphur into 
water, Amoiphous sulphur probably consists of long strings of sulphur atoms 
formed by opening of the Sg rings. 



Fig 13.6 Striuture of mlasulplnir 


v-^0emental sulphur is reactive at slightly elevated temperatures It Combines 
directly with all elements except the noble gasCS, iodine'”teirufium7 nitrogen and the 
noble metals (e.g , gold and platinum). With melals'suTpKur forms sulphides which 
contain M" and S 2 ions Treatment of sulphides with acids gives hydrogen sulphide 
foul-smelling va homms gas. You must have seen the familiar 
^Kipp’s apparatusfor thegeneratioti of H 2 S in the laboratory. 

FeS (s) + 2 H + -'H 2 S (g) + -Fe 2+ 


What do you think would be the structure of hydrogen sulphide 7 
Is this molecule linear or bent? 

Metal sulphides except those of Groups 1 and 2 are almost insoluble in water. 
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ACID RAIN 


Falling rain is usually slightly acidic due to the dissolution of atmospheric 
carbon dioxide in water. However, in industrial areas, oxides of sulphur 
and nitrogen produced by the combustion of coal and oil, may rise to the 
upper layeis of the atmosphere and dissolve in rain water to make it as 
acidic as vinegar. 

Acid rain can lead to extensive damage to marble monuments. It also 
makes the existence of marine life diffi cult. Alu minium compounds present 
in the soil are attacked and washed away to the lak e s bv acid rain . This 
causes poisoning of fish Nitrogen fixing bacteria in the s oil may also be 
killed and the essentia) macro-and micro-nutrients, be washed away from 
the soil. In fact forest deterioration has begun in many parts of the world 
due to acid rain. ' " 

Neutralising the acid by adding lime to water is one, solution to this 
problem. Another solution is to disperse sulphur dioxide through high smoke 
shafts. However, the only long-term effective method is to minimise the 
use of fossil fuels (coaCajxd.,ailhhy-repladng.4hem^ith smokeless-sources 
of energy. 


■^The solubility of the sulphides can be controlled by tf. ..." : ' ‘ 

' in solution and hence H 2 S finds extensive use in the . , ■ ■ _v 

Cr adic als-^Hydrogen sulphide can be generated directly in solution by heating thio- 
acetamide dissolved in water. J 

CH 3 C(S)(NH 2 ) + 2H 2 0-- CH 3 COO" + NH/ + H 2 S. \ 


13.4.3.Oxides of Sulphur and Sulphuric Acid 

Sulphur forms several oxides of which sulphur dioxide (S0 2 ) and sulphur trioxide 
(SO 3 ) aie the most important SjJlphur dioxide is formed by burning sulphur in air 
or roasting metal sulphides in the prese nce o'raifi 

S#+ 8 0 2 -* 8 S0 2 


4 FeS 2 + 11 0 2 


2 Fe 2 0 3 + 8 S0 2 


: n a ci 1 hie: g.ijj a !h an ' 1 »_'*nl '1 v odour 

lit 4 , s.viiV . 1 k j II'O <‘h snow*, a 
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Photo II Sulphuric a ail plant 

Courtesy PIB, New Delhi 

Can you write the Lewis dot formula for SO 2 and guess why the two S-0 distances 
are the same 1 ? 

A large amount of SO 2 gas is released into the atmosphere from c oal and oil - 
b a se d power s l ants oil-refrnery operations and copper-smelting plants The emission 
of causes severe environmental pollutio n and method§ Jiaw-be&n-dead sed to 
control the"levels ot SQ; emission s from 1 ndustr ial plants 

Sulphur tiTcrXlde Is formed By^the direct '’Oxidation of sulphur dioxide with 
atmospheric oxygen. \1o:i. 

S-0 distance of 142 
key step in the manufacture 
is a slow, reversible and exothermic reaction: 


IS ujuucu oy me airecx ^oxiaation 01 suipnur dioxide with 
Monomo V_SO^'.ii ho phase has a plana- ptnic‘111'0 w ith a 
]'"• 'n oVTd oj .'-e Tnln'diiuo o’, sr j i hii co'iuii'd^ I he 

ifacture of sulphuiic .iciu fio oxidation >■! SO. •«> > 0 ., which 


2S02(g) + O 2 (g) ~ 


2 S.O 3 (g); AH = - 196.6 kj 


Y° ir >crease the rate of attaining the equilibrium, a catalyst such as divanadium 
pentoxide or finely-divided spong\ r ! n*muin is ■■•.ed .u ,1 pressure of 2 atjnaspjreres 
^li-&A«uifiMa^ureol ~ u'i K 1 no m.im.'nou.i'O 01 SO n this way is known as 
-pNTACT PROCESsP^an you apply Le Chatelier’s principle (Unit 9) for this reaction 
Timum conditions? 
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water spray 
Impure , 
*$Oi+Oi Hh 


cone, HjS 04 
spray 
_ l*L^ 


dry S0j+0 2 


cone HiSO, 

) so = ri!h_ 


sulphur 


pre-heater 


sulphur 
burner I 

dust -J 
precipitator 


I ' , arsenic purifier 

T:r vas* 

... , hydroxide 

washing and drying tower 
cooling tower 


catalytic 

converter 


’{■{Hi - loose 
I S JJ‘X‘ 0 uartz 

?«:« 

van 

),*>■> 


oleum 
H 2 SO, SOj 


Fig 13.7 FVoiv diagram for the manufacture of sulphuric and 

A flow diagram for the manufacture of sulphuric acid is shown is Fig 13.7 
Sulphurjxiojydf-ga»^fea|n the catalytic chamber is passed through sulphuric _acid to 
ohtnm (qI;i:it Tf S^P-^hilution of oleum witK~~warer~gives H 2 SO 4 of t he de sire d 
iiitli'si-}, the two steps, are carried out_ simultaneously Jo make the 
process a continuous one and to keep the cost down 


S0 3 + H 2 SO 4 
H 2 S 2 O 7 + h 2 o 


H 2 S 2 O 7 
2 H 2 SO 4 


Sulphuric acid 


13 4.4 Properties of Sulphuric Acid 

Sulphuric acid is, a colourless, dense, oily 

liquid with a specific gravity of 1.84 at 288 H 

K The acid freezes at 283 K and boils at 9 / 

590 K It dissolves in water w ith the H 

evolution'of a large quantity.of.heaL..Hence 

care must be taken while preparing sulphu r 0 Sulphuric acid 

ric acid solution _fro_mcqnce.ntraLed.sulphuric 

acid which is ~ 98% and is 18 M The concentrated acid must be added slowly into 
water with constant stirring. The structure of sulphuric acid in the vapour phase can he 
schynertically represented as shown above. 

-w^The chemical reactions of sulphuric acid are a result o f ihe following c harac- 
teristics. (a) JgwTvol^illEvJ (bl ( stxonTH acidic character?^ ,cl Str ong affinity to wate r? 
and (d) ^hl ljfytoact as an oxidising age nTTXn aqueous solution, sulphuric acid 
ionises in two steps: 

HSO 4 (aq)-- H + (aq) + S04 i- (aq), K 2 = 1.2 X 10 ' 2 

H 2 SO 4 -* H + (aq) + HSO 4 - (aq); Ki = 1 X 10 3 
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The acid forms two sets of salts—^i grmal sulphateg^ ich as 
sodium sulphate and copper sulphate)~and ^^~smphates 
(e g., sodium bisulphate) The su lphate ion ls dsTfcTiiddialTfs^ 
sh awn- ateftgside: 


I U9 pm 

/tx 
0 6 0 


2 - 


You must be familiar with the laboratory test for sulphate ion When a soluble 
barium sal 1 -olT ;>> ’<■ , ddcd to n solution containing sulphate ions, a white 


precipitate o <H,iS() 




wti on is insoluble in dilute mineral acids. 


The low volatility of sulphuric acid is put to use in the manufacture of more 
■Volatile acids from their salts' 


2MX + H 2 SO 4 -- 2 HX + M 2 S0 4 

(X = F, Cf, NOf) 

1 Concentrated sulphuric acid is a(stron 2 dehydrat'ig agent, Many wet gases can 
be dried by passage through a sulphur c acid hubb'j- provided the gases do not 
1 react with the acid. Sulp huric acid j emovesjvatgr- fr. orp or g anic .compnnnrk as 
shown by its charrin g action on carbohydrat es' 

CuHiiOn + 11 Hi SO*- * 12C+11 H 2 SO 4 + 11 H 2 Q 


Hof' concentrated sulphuric acid is a m fiderate jy vtcnng o xidising uypni I n this 
respect, it is intermediate between pho sphoric and nitric acids Both metals and 
m-metals are oxidised by concentrated^ ulphuric acid, which is reduced to SO 2 . 



C + H 2 SO 4 - 
Cu+ 2 H z S0 4 


C0 2 + 2 SO 2 + 2H 2 0 
* CuSO< + SO 2 + 2 H 2 0 


With zinc, which is a stronger reducing agent than copper, the reduction of_. 
cerhrated sulphuric acid goes further to give sulphur or H 2 S. 


13.4 5 Uses of Sulphuric acid 

Sulphuric .acid is a-prime industrial cheimcal. A nation’s industrial strength can be 
gauged by the amount of sulphuric acid it produces and„ consumes. It is ,needed .for 
the manufacture of hundreds of other compounds and also in many industrial 
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Photo III A sectional view of the chemical fertilizer plant (Parry's chemical fertilizer factory, Mailrat) 

Courtesy PIB, New Delhi 

K 

<v 

If one of the oxygen atoms in the sulphate ion is replaced by sulphur, the resulting 
ion (S 2 O 1 is knowB.as,.THl<3SULRHATE,.Jhe free acid, H 2 S 2 0 3 is not stable but 
thiosulphate salts are stable and can be prepared by boiling aqueous solutions of 
metal sulphites with elemental sulphur .. 


13.46 Sodium Thiosulphate 


■ Jl 


373K 


H 2 0 


\ 


Na 2 S0 3 +| S 8 

Hydrated sodium thiosulphate,^NajSjOi 
-Jiiv-'l .typlioiogiaplii nit IS)" 

1 irosiilpiinie is ox.di'ed by iodine (I 2 ) to tetrathionate This reaction forms the basis 
for the lodometric titrations in volumetric analysis 


- Na 2 S 2 0 3 


known 


1 is used as a 


2 Na 2 S 2 03 + I 2 


Na 2 S 4 0 6 + 2 Nal 


-^xidisey thiosulphQtc to s ulp hate jr aqueous solution} Thio'UlphaJc -s 

therefore used as an •^nl'cliloi|_aimjuLuiTne.Meiichiug .iiiLusiiLi.remove. 1 he excess 
chlorine from textile fibres' " ' ' .1 


13.5 HALOGENS 

Group 17 of the periodic tabic comprises of the elements fluorine, chlorine bromine 
iodine and astatine These elemem-, aic collcei,\cl\ Known ax the Ji_M.OC«I.v> Wat.ne^P 
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is radioactive^aild occurs in nature only m'traces It is theiefore of not any practical 
importance ’ The other elements occur extensively an nature, in the fcum of halide 
salts The name ‘halogen’ is derived from a Gieek word which means salt former. 
Halogens and their compounds find extensive and varied uses in industry 

Each halogen has one electron less than the noble gas that followed Halogens 
are highly reactive elements They readily accept a single election t( f form u ninega-~, 
(fr^iori?>r shaie then single unpaired electron s with ot hei atoms to forr^c oVaie iTts 
line with this tendency, <Eiajoge_ns exi st as diatomic molecu Tes>mder 
oidinary conditions. The melting and boiling points steadily mciease from fluoiine 
to iodine Thus fluorine and chlorine are gases, bromine is a liquid and iodine is_ a 
, , ■ , ■ ,-i i ^ ■ .. aim s'..' ■' .1 . j ‘ 1 . a ‘mic and 

molecular states are shown in Table 13 l. 


TABLE 13 1 

Atomic and Molecular Properties of Halogens 


Property 

F 

C! 

Br 

/ 

Valence elections 

2s 3 2p' 

3s 5 3p 5 

4s 2 4p 5 

5s 2 5p ! 

Covalent radius(pm) 

72 

99 

114 

133 

Ionic radius E“(pm) 

133 

184 

196 

220 

Electron affinity (kJ mof 1 ) 

333 

349 

325 

296 

Ionisation energy (kJ mof 1 ) 

1681 

1256 

1143 

1009 

Electronegativity 

40 

30 

2.8 

2.5 

Abundance, mol% 

2 8X10' 2 

2 6X1 O' 2 

8 5X1 O’ 5 

4X1 O' 6 


Fi 

Ch 

Br : 

I, 

Melting point (K) 

54 

172 

266 

387 

Boiling point (K) 

85 

239 

333 

458 

Colour 

Pale 

Greenish 

Dark, 

Purple 


Yellow 

Yellow 

Red 

Black 

Bond energy (kJ mol)~ 

158 8 

242 6 

192 8 

151 1 

Bond distance (pm) 

143 

199 

228 

266 


Because the halogens react readily by accepting an election, tltgjt-are-alEstrong 
I Mcidising agents The ojurt ising ability dec reases from fluorine t o iodine- Fluorine is 
the s trongest oxidising agen l ^ wra fre-a l ^ tE e eTenienrsi- it. is tHe m ost electronegative 
eJj3*B6frtrin all its compounds it has an oxidation st*ate rffrTpSpositive oxidation 
states exist for all other halogens ^—"" 

13 5 1 Occurrence 

Halogens are highly reactive and hence do not occur in the free elemental state in 
nature They occui mainly in the foim of X salts although iodine also occurs as lodate., 
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(IOj") Chlorine is the most abundant of the halogens and its main commercial 
source is NaCl (common salt) occurring in sea_watcr.aruLwci_he_ds_. The sources of 
halogens and their abundance are shown below 


Halogen 

Ahunilamepercentagein earth's trust 

Minn sutines 

Flourine 

0.1)7 

Fluorospar (CdF;);lltioroapiUite 
[C.u(P0 4 ).F] 

Chloime 

0 14 

Sea water (2.8%), sail wells, salt beds 
(NaCl, KC1, MgCh, CaC! : ) 

Bromine 

2 5 X It) 4 

Sea waler, sail lakes 
(NaBr, KBr, MgBn) 

Iodine 

8 / It) ' 

Sea weeds (F 0 5% by weight) j 
t bile salt peter (0.02% NalOj) 


13.52 Preparation 

Because fluorine is the strongest chemical oxidising agent, the only piacticable 
i method of preparing e' ’ T . ' .. ‘ . ■' .... ' 

-In 41 ■ . , ■ . _.... .... 

open fluoridc Jisrhe electrolytic oxidation must be earned out undei 

‘' . conditions (Can you guess why 9 ) The reactions that occur at the 

cathode and anode are i 

Anode ■ 2H* + 2e'-* H: 


Cathode 2F~ + 2e 


F: 


■'TS 


Since the electrolyte is highly corrosive and fluorine is extiemely reactive, special 
care must be taken in selecting the material for construction of the cell The 
electrolytic vessel is usually constructed of n ickel, copper or Ni-Cu-Fe alloy know n 
. as Monel metal ; these quickly become protected by the formation of a metal 
fluoride tilm in industry, a mild-steel pot is used as the cathode A carbon rod free 
from graphite is used as the anode Since hvdroaen and fluor ine mmhme explo^velv. 
accidental mixing pf the two -gTses must be avoided stri ctly A diaphragm made o f 
tef lon is used to separate the cathode and the anode. 

, Industrial productiono t chlorine is earned out by electroLv sis-oT-nut-ural,brines 
'or concentrated ~aqirc ~ : < andjiycfcogeruare 

also the products-TH * ■ . . molten NaCl is used as tne electiolyte, the 

c o-prodnc t is sodiu m instead of sodtum hydroxide (jj nit 14). 

In the laboratory, chlorine can be prepared ..by.,.lbe....ftxtdatian. .of HCI by 
manganese dioxide: 


Mn0 2 + 4HC1 


MnCh + Cb (g) + 2 H 2 O 


"Dr by the treatment 4>f sodium chloride in sulphuric acid solution with potassium 
permanganate. 


2MnOT+ 16H + + 10 Cf 


2 Mn 2+ + 5 Cl 2 + 8 H 2 O 
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I Bromine is made by the oxidation of bromide ions in natural brine wells with 

jP h. 

2 Br' + Cl 2 (g)-* Br 2 + 2 CF 

Iodine is commercially produced from sea weed which concentrates iodide ion from 
sea water Burning of sea weed gives iodide ion which can be oxidised by chlorine as 
in the case of bromide oxidation 

13.5 3 Chemical Reactions'of Halogens 

Halogens combine directly with most metals and with some non-metals to give 
halides Fluorine is the most reactive of all element^nd^Xoiias^compounds with all 
other elements under appropriate conditions except He^j^r.And Ne\ 

The reactivity decreases in'the order FF^n^>gr 2 >l 2 \ taome examples of the 
reaction of the halogens with metals and norFmetals are shown below 

Xe + 3 F 2 * Xe F& 

- 2 P + 3 CU-* 2 PCU 

j Mg + Br2-- MgBr2 

Halogens react with each other to produce a number of INTERHALOGEN COM¬ 
POUNDS, X X' n , where n = 1, 3, 5, 01 7. T h^ stability of these compounds increases a s 
the size of the central atom increases In these compounds, the smaller and mure 
electronegative ato m is assigned ar rrtxidation state of —1, the central atom thus 
acquires a positive oxidation state Some of the interhalogen compounds are shown 
below 


,YY' 

YA'i 

A Yi 

XX : i 

C1F 

ClFi 

ClFs 

IF, 

BrF 

BrFj 

BrF s 


BrCl 

IF, 

IF, 


ICI 

ICI, 



IBr 



r 


Can you try to work out the geometry of some of these compounds by applying 
the VSEPR theory? 

Chlorine, bromine and iodine react with water to yield hydrohalic a nd hvno-.. 
halous acid 1HX and HOX respectively) ’’ “ ” 

X 2 + H 2 O s HX + HOX ‘ - 

1 I 

Fluorine reacts vigorously arKjjnstantaneously with water to yield HF and a variety 
df other products including PFay'HOF-has-been-isolgted by fluorinating ice at -40 C, 
is extremely unstable anddecomposes to give HF and O 2 . Aqiieous'solutions of 
Iqhlonne and bromine release oxygen/ when exposed to Sunlight owing' to the 
decomposition of HOX 

light 


2 HOX 


Oz + 2 HX 
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13 54 Hydrogen Halides 

Halogens combine with hydrogen to form hydrogen halides, HX The vigour of the 
reaction decreases from fluorine to iodine Aqueous solutions -of the hydrogen 
halides are known as hydrohalic acid s. 

'vJh Commercially hydrogen chloride and hydrogen fluoride are produced by the 
^aetion of concentrated H 2 S0 4 on calcium fluoride (fluorospar) and sodium chloride 
respectively. 

CaFi + HiSCL_- CaS0 4 + 2 HF 


2 NaCl + H 2 S0 4 


Na 2 S0 4 + 2 HCI 




These reactions ‘ \ r . " . 'aboratqry„preparation of 

HF and HCI. .1 i 1 • v ,<• ic_acid indu strvSbut the 

presence of SiU 2 leads to the formation of H 2 Sib6 from which it is not easy to 

recover HF economically - --- 

v ^'' s freatment of bromides and iodides with concentrated sulphuric acid for the 
-Tpreparation of HBr and HI is not possible because they are oxidised by su[ 

\acid to the respective halogens ——--— — 


2NaBr + 2H 2 S0 4 - 


Br 2 + S0 2 + Na 2 S0 4 + 2 H 2 0 


At room temperature, all the hydrogen halides are c olourless gas e s with an 
irritating odour. There is a regular gradation in the melting and boiling points of the 
hydrogen halides The boiling and melting points of H F are abnormally h igh 
hp pfl ugp {hr mnWnipr nf H . C nm n-.snriatpd v ia hydrogerf 1 bonding. So me of the 
properties of hydrogen halides are shown in Table 13 2. 


TABLE 13 2, 

Properties of Hydrogen Halides 


Property 

HF 

HCI 

HBr 

HI 

Melting point(fC) 

190 

158 

186 

222 

Boiling pomt(K) 

293 

189 

206 

238 

Bond length, (H-X) (pm) 

91 7 

127 4 

141.4 

160.9 

Bond dissociation 
energy (kJ mol' 1 ) 

570 

430 

360 

300 


All the hydrogen halides are hig hly soluble in water and give hydrohalic acids 
They are all strong acids exceptlHE vda*eh-is a weak acid in aqueousToTutiorL 


HX + H 2 0->(H 3 0) + aq + X" (aq) 

Their acidity increases in the order, ^pF*< HCK H alts of these acids are 
called halides, the most important'of yvhich-is-sodium chlonde — - - • ■ - 
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13.5,5. Uses of Halogens 



Fluorine is use d mainly for the manufacture ofLHF6_inr.-nuclear-power—generation 
and SF 6 for dielectrics. It is also used for the preparation of many fluormating 
Agents. The~im portant organic chemicals d erived from HF are the chlorofluoro- 
carb'ons and^i^tch_ariior>vlh\Icnc,7-aC>!»?t Chlorofl uor ocarbons known as freons 
are used as n-n.ce ,u,is and in uciosoN ■ Do \ou know what an aerosojjs?), Teflon j s 
a plastic whjch is not attacked by c hemical reagent^-anX-i'i’-heat- resistant It is used 
for many special -applications. An important inorganic chemical made from HF is 
cryolite (NasAlFe) used for the production of aluminium Minor uses of HF are in 
the--glass industry” as an etching agent and in the manufacture of fluoride .salts. 
Prominent among the fluorides is NaF used for the fluoridation of water, one part 
per million level of fluoride in drinking water prevents tooth decay. 

The chief uses of chlorine are 

( 1 ) production of organic compound^ (e g,„ polyvinyl chloride, chlorinated hydrocar¬ 
bons, pharmaceuticals, herbicides, pesticides); 

(ii) bleaching of paper, pulp, and textiles and disinfectant for sterilising drinking 
water; 

(in) production of inorganic ^omppunds (e g.,HCl, PC1 3 , PC1 5 , sodium hypochlorite 
(NaOCl), bleaching powder (CaOCh). 

Bromine and Iodine are used to a much lesser extent than chlorine The main 
outlet for bromine is ethylene bromide which is used as an additive to leaded petrol 
Bromine is also used to make \cflr for nhotographv/' ^ 

Iodine is used as . ■ ann-iop ;.0 11 v ;.a io ;n o, an alcoholic solution, which is 
known as tincture of IODINE It is also used for the preparation of iodoform and 
! potassium iodide Iodide ion is necessary for the normal functioning of the thyroid 
jgland. Insufficient iodide in the diet leads to GOITRE (enlargement of the thyroid 
igland) Hence sodium or potassium iodide is added to table salt and this type of salt 
l is known as ‘iodised’ salt. 


13 6. NOBLE GASES 

The most characteristic property of the six elements of group 18 of the periodic 
table is their very low chemical reactivity They are known as the NOBLE GASES 
These elements come at the end of each period and have a full complement of 
electrons in their valence shells (Is or ns 2 np 6 ), Gain or loss of electrons is not easy 
and therefore these elements do not form compou nds with other elements readily 
For a long-time,-the nobl e gases were regard ed as—ncii mid .nut c.j p.i itle of forming 
an y compoun ds. However7 since 1^62 soipc iv npm nds xenon i.‘J krypton have 
been prepaTed. ' : 

13 6.1 Discovery of Noble Gases 

The discovery of noble gases is an important landmark in the history of chemistry 
and the development of the periodic table. The existence of these elements were not 
foreseen by Mendeleev Argon was discovered b' Ravlcia*- h iS9"“ aii co if un ■<.' 
by^amsav^m 1894_Rangy passed nitroge- ga- 
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ma 





r - Is.'-man 
■ ■ • ~ ■ Tdied 3 

„ 1 ■■ 5 gas 


was named argon which in Greek means 'lazy'. 

Prior to the discoveiy of argon, the existence of h elium was recogpised -h v 
J,ockyer in 1868 from the spectrum of the sun’s atmosphere In 1895 Ramsay 
identific'd“helium from the gases occluded in urani u m miner als. By 1898, Ramsay 
and Travers isolated neon, kfypton and xenon by caieful fractionation of liquid air. 
The new elements were identified by their characteristic spectra. The last member of 
the group, radon, was spectroscopically detected by Dorn in 1901. and first isolate d 
and . studied b^ JButhad'oitUa nd-S.Qddv in 1902 

These unreactive gaseous elements could not be fitted into the Mendeleev’s periodic 
table as they were not discovered during those days. After the discovery of these 
gases Ramsay made the bold suggestion that these elements constitute a whole new 
group to be placed between the halogens and the alkali metals This suggestion was 
proved correct later 


13.6.2 Occurrence and Isolation of Noble Gases 

Ex cept radon all the noble gases occut in the atmospher e Their total abundance in 
dryHair is ~ )% by volume. The main component is argon (Table 13.3). Neon, 
ar gon, krynton-and xenon are obtained as byproducts of liqnetaclidfrTTliir TH Ttl 
separation of its constituents hv fractional distillation and condensation cycles T he 
main commercial source of h elium is natural ga s. Helium is the second ifiost 
a bundant element in the universe (23% compared to 76% hydrogen) although its 
terrestrial abundance is very low. Kadonjs obtained as a decay product of 226 Ra 


226 

88 Ra. 


gtf Rn +~ He 


13.6.3 Physical Propertiesjil the Noble Gases 

All the noble gases are iSoggatomlh. T h ev are colourless, odourless- and..t a st el es s 
They are sparingly soluble i n water The physical properties of these compounds 
vary regularly from helium to radon Some of the properties are shown in Table 


TABLE 13.3. 


Some Properties of Noble Gases 


Element 

Abundance in 
air by volume 
(ppm) 

Boiling 
point (K) 

Melting 
point (K) 

First ionisation 
energy (kJ'moF) 

Atomii 

radius 

(pm) 

He 

5.2 

4 

a 

2372 

93 

Ne 

18.2 

27 

25 

2080 

112 

Ar 

93.4 

87 

84 

1520 

154 

Kr 

1.1 

120 

116 

1351 

167 

Xe 

0 09 

165 

161 

1170 

190 

Rn 

jrace 

211 

202 

1037 

— 


, a cannot be frozen without applying pressure 
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13 6 4 Chemistry of Noble Gases 

We have already noted the extremely low chemical reactivity of the noble gases For 
many years, noble gas compounds proved elusive. In 1962, Bartlett prepared the firs t 
noble gas com pound, X eP ffiJ by^eacting Xe wit h PtF6 Since then a number of 
-fenon compoundshave been prepared. Invariably all the compounds contain 


Xe + PtFs-* XePtFs 

fluorin e nvy g p.n attacherU a-xenon. The more important of these compounds are 
the xenonfluondes XeF„ (n= 2, 4 or 6) which are obtained by direct combination 
of thE'element s. at 673T in a sealed ni ckel container, XeF 2 - can also be prepared by 
irradiating a mixture of xelToir^riinluorine with sunBglit or light from a high 
presssure mercury arc lamp 

light 

Xe + F 2 —-* XeF 2 


__ , . _ 673 K 
Xe + 2F; 1 , —■ XeF.i 
6 atm 


Xe 4- 3 F 2 


523-573K 

-► XeF 6 

50-60 atm 


XeF? has a linear structure ; XFos squ are plan ar. KrF 2 is also known but no stable 
compounds of He, Ne or Ar are known 7 

13 6.5. Uses of Noble Gases 

Argon is used mainly to provide an inert atmosphere in high temperature met al- 
lurgical processes farc-we-lding of metals-or-aHoys)-an(HdniIlmg electric bulbs. It is 
also used in the laboratory for handling substances that,are air-sensitive. 

Helium is non-flammable and. light Hepce helium is used in filling balloons for 
meteorological observations. It is also used in gas-cooled nuclear reactors Liquid 
|q - a* c::^ei..c nec-:t foi carrying out various experiments at lo w 
temperatur es V 11 :■> . sotl ,i i Ti scli.i'iio tubes and fluorescent bulbs for adverti se¬ 
m ent displayjii^pot>e :>. Incie aie no significant uses of xenon and krypton They are 
used nTlighTHuibs designed for special purposes (e.g,, flash bulbs, electronic flashes, 
for photography) *»■' 
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EXERCISES 


13.1 Describe briefly the different methods of obtaining elemental boron 
13 2 Why do boron halides form'addition compounds* with amines? 

13.3 Write the structure of diborane. 

13 4 Why are boron halides and diborane referred to as electron deficient compounds' 7 

13.5 Describe briefly the chemical reactions of boron with oxygen, halogens and nitrogen 

13.6 What happens when a borax solution is acidified 7 Write a balanced equation for the 
reaction 

13 7 Describe what happens when boric acid is heated 
13 8 Why does not silicon form an analogue of graphite 7 

13.9 What is the importance of elemental silicon of high purity 7 How is it obtained 7 , 

13 10 What is carborundum 7 What is its common use 7 v 

13 11 Explain why silicon shows a higher covalency than caroon 

13.12 How do the following substances differ 7 
j Quartzj ordinary soda glass, pyrex glass 

13.13 For a compound LiAI(Si 03)2, what is the charge on the S 1 O 3 unit 7 What is the 
arrangement of oxygen atoms around the silicon atom? 

13 14 Why does not elemental phosphorus exist as P 2 under ordinary conditions 7 
13 15 Explain the difference in the structures of white and red phosphorus 
13.16 Describe a method for the isolation of phosphorus from Ca3(P0 4 )2. 

13 17 Write the structures of orthophosphonc acid, phosphate ion and linear trimetaphos¬ 
phate ion. 

13.18 How is pyrophosphoric acid related to orthophosphonc acid 7 

13 19 Name a few phosphatic fertilisers and briefly describe methods of their manufacture 

13 20 Discuss the allotropy of sulphur 

13.21 Wnte resonance structures for the following 
SO 4 2 ', 0 3 , P0 4 3 ‘ 

13 22 Starting from elemental sulphur, how would you prepare 

(i) H 2 SO 4 (ii) SClj, (iii) Na 2 S 2 03. 

13.23 Describe the contact process for the manufacture of sulphuric acid. 

13.24 Give an example of a reaction in which H 2 SO 4 behaves as 

(i) a strong acid 

(ii) a dehydrating agent 

(iii) an oxidising agent 

13 25 Vtate the products of the following reactions: 

(i) Cu + Cone. H2SO4-* 
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Catalyst 

(li) H 2 S + SO 2 -* 

(iii) NaaSjOs + I 2 -- 

13.26 Give a method of preparation of each of the following halogens 1 
Fa, CI 2 , Bf 2 and I 2 

13.27 How would you prepare 

(i) HF from CaFa, (ii) Bn from sea water, 

(iii) I 2 from NalOj, and (iv) HBr from NaBr? 

13.28 Give examples of a few interhalogen compounds of type XX„ (n = 3,5,7) and predict 
their molecular shapes from VSEPR theory. 

13.29 Write the products of the following relations. Give balanced equations. 

(i) P + CI 2 -- 

(ii) Br' + Ch-' 

(iii) MnOj + HCl-- 

(iv) Ch + H 2 O-- 

(v) NaBr + H 3 PO< -* 

13.30 Describe the chief uses of chlorine, fluorine and their compounds 

13.31 Describe briefly the discovery of noble gases. 

13.32 What are the chief uses of the noble gases helium, neon and argon? 

13.33 What are the molecular shapes of XeF 2 and XeF 4 ? 

13.34 How do NOf and POj" differ structurally? 

13.35 Explain why COz is a gas whereas SiC >2 is a high melting solid 

13.36 Describe the commercial uses of sulphuric acid. 

13.37 What are the oxidation states of sulphur in the following compounds 1 
(i) PbS, (ii) SO 2 , (iii) SO,*-, (iv) SCI 2 . 





UNIT 14 


CHEMISTRY OF LIGHTER METALS 


Most of the elements in the periodic 
table are metals. 
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OBJECTIVES 


In this Unit, we shall learn: 

* the chemistry of a few of the lighter elements (sodium, potassium, 
magnesium, calcium and aluminium); 

* the chemistry of some common compounds of these metals; 

* the manufacture of industrially useful compounds of these metals 
such as soda ash, caustic soda, lime and cement; 

* the biological significance of the cations Na\ K + , Mg J+ and Ca 2+ . 
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The ALKALI metals (e.g., sodium, Na and potassium, K) and the alkaline earth 
metals (e.g , magnesium, Mg and calcium, Ca) are located in the left-hand side of 
the periodic table. These elements exhibit metallic properties and because of their 
low density, they are called lighter metals. These metals form many compounds 
which we use in our daily life, the most common being common salt, soda ash, 
baking soda and lime. Monovalent sodium and potassium ions and bivalent 
magnesium and calcium ions are found in large proportions in biological fluids 
These ions perform important biological functions such as maintenance of ion balance 
and nerve conduction. Aluminium, Al' is the second member of group 13 in the 
periodic table. It forms many useful alloys with other metals. 

14.1 SODIUM AND POTASSIUM 

Sodium and potassium belong to group 1 of the periodic table. The other elements 
of this group are lithium, Li, rubidium, Rb, caesium, Cs, and francium, Fr. These 
metals are reactive and they forrr^univalent ions. Their compounds are generally 
ionic. Some of the important general properties ofthese elements are given in Table 

i4.r 

These elements are strongly electropositive. The ionisation energies of the alkali 
metals are by far the lowest compared to the elements of the other groups. The 
monovalent cations of sodium and potassium have the stable inert gas configuration. 
It is easy to excite the valence electrons of these meTals to higher energy states when 
the excited electrons return to the ground state, there is emission of radiation in the 
visible region (e.g., yellow for sodium and lilac for potassium). Alkali metals can, 
therefore, be detected by their flame tests. 


TABLE 14.1 


Some General Properties of Sodium and Potassium 


Element 

Atomic 

number 

Electronic 

Configuration 

Atomic 

Radius 

(pm) 

Ionic 
Radius 
M* (pm) 

m p 

(V 

bp 

(K) 

Ionisation 
energy 
(kJ mol') 

Density 
(g cm' 1 ) 

Sodium (Na) 

11 

[Ne]3s' 

186 

95 

370.8 

1155.9 

495 

0.97 

Potassium (K) 

19 

[Ar] 4s' 

111 

133 

336 8 

1039 

418 

0 86 


For a flame test, take a sodium or potassium salt (e.g , NaQ, KC1) on a metallic 
spatula. Heat the tip of the spatula in a flame and notice the colour of the flame. 


14 1.1 Occurrence and Extraction 

Sodium and potassium occur widely in nature. The relative abundance of sodium 
and potassium in the earth’s crust is nearly 2 5% and 1.8% respectively, (sea water is 
a rich_source of sodium and potassium). A c ommon mineral co nta ining sodium is. 
ALBITE (soda feldspar), NaAlSuOs. which is one of the main constituents of rocks In 
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addition, sodium occurs roc k sa lt (NaCl) deposits, s altpetre fNa NOO and in 
ma ny c lays Potassium chloride (KC1) occurs in nature only to a limited., exte.pt. 
The double salt carnai ite KCl.MgCl 2 6H 2 0 isiound in large,quantities., potassium 
also occurs abundantly ..as POTASSIUM FELDSP^L, K 2 0 A1 2 0 3 6Si0 2 

Alkali metals are str ong reducing agcnts-and hence connnt.he isolated by reduc¬ 
tion of their oxides _or other compounds. Sodium and potassiumaretKerefore 
genel^fh^tTWrauTed b y ele ctrolytic reduction of th e i r molten chl orides. The melting 
points oT chlorides of sodium and potassium are high and in order to lower their 
melting points, Eatcium chlori'de'TCaClTrTr^dded The isolation of sodium metal is 
Carried out m a Down’s cell as shown in Figure 14.1. Sodium chloride (40%) is 
mixed with calcium chloride (60%) and the molten mixture is electrolysed at about 
850 K using a carbon catho,ds 



Potassium is also obtained by electrolysis. The^ electrolyte employed for the 
isolation pfpqtassi.ym.JUeIal^lifjis,ed p.at. 3 SsiumirydMXide*("k'Cili). 

14.1.2 Properties of Sodium and Potassium / 

Sodium and potassium are light, soft metals with silver^white lustre The densities 
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of sodium and potassium are 0 97 g/cm 3 and 0.86 g/cm 3 respectively Sodium metal 
can be cut easily with a knife Its surface when freshly cut is shining but is often 
covered with a layer of the oxides or the carbonate formed by contact with air. 
Sodium and potassium metals are extreme ly reac tive—an4—th^y-are—kep t-u ndar 
kerosene'to prevent themetals from exposure tooxygen and moisture, ’^‘otassium'ls^ 
more r eactive than sudlUn i.' Small pieces of potassium sometimes melt and catch fire”* 
spontaneously in air. 

Sodium reacts vigorously with oxygen to form sodium peroxide, Na 2 0 2 while 
potassium burns in air to combine with oxygen to form potassium superoxide, KQ 2 


2Na+ 0 2 - 
K+ 0 2 


Na 2 0 2 
■ K0 2 


Z 7 

Both sodium and potassium react violently with water.to form their respective 
hydroxides liberating hydrogen gas. 


2Na + 2H 2 O —‘-* 2NaOH + H 2 

2K + 2H 2 0-* 2KOH + H 2 


sium-are mnst-eranmnnlv as reducing \ 
i mnlpam s of sodium and potas sium with rncicim fin J cMcumv^ use in the 
preparationo: qpiiffi ric'compo und^ 1 iviiul v'cTiuTrol ” Tilloy u,ih potassium is 
employed as a C oolant in nuc.ca r icaaoisNSodium-lcu d alios is use e in the prepara¬ 
tion of leuaeilisl ic"uIyP Rrc~T?Y vsluch .s an antiknock agcnnn nc inaCb 

14 1 4 Some important Compounds of Sodium and Potassium 


Sodium and potassium form many industrially important compounds, for example, 
halides, carbonates, sulphates and hydroxides of sodium and potassium. In general, 
the compounds of sodium and potassium are ionic in nature and are readily soluble 
in water 


Sodium Chloride, NaCl 

Sea water contains about 3.5% of soluble salts, the most common of which is 
sodium chloride (2 7 to 2.9%) In tropical countries like India, common salt is 
generally obtained by evaporation of sea water India has long coastal line Approxi¬ 
mately 5 0 lakh tons of salt are produced annually in India by solar evaporation The 
coastal fine of G ujarat is one of the importan t areas in the country producing salt. 
The hot, dry, windy climate leads to fast evaporation of water from the artificial 
ponds containing sea water. Crude sodium chloride, generally obtained by crystallisa- 
ti on of hnne coalfoin s s odium r . ulphatp cal cium sulphate r.alp.nim chlo ride and 
mag nesium chlor ide as impurities Calcium chloride, CaCl 2 , an d mag nesium chloride, 
MgCl 2 are undesirable impurities because they ardCdeliquescent (absorb Ynoistjj£- 
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e asily from the atmo sphere),/ To obtain pure sodium chloride, the crude salt is 
dissolved in lni i ii rTninr amount of water and filtered to remove insoluble impurities. 
The solution is then saturated with hydrogen chloride gas. Crystals of pure sodium 
chloride separate out. Calcium and magnesium'chlorides, being more soluble than 
sodium chloride, remain in solution. 

Sodium chloride melts at 1081K It has a solubility of 36,0 e in 100 g of water a t 
273 K The s olubility does nofincrease appreciably with increase in temperature 

Sodium Carbonate (Soda Ash), NajCOj 

Sodium carbonate is made by the ST v ^_ ~ This process 

consists of many reactions It take ,, . 1 .■ “ . '■ ’■ of sodium 

hydrogen carbonate (NaHCOi)^Xhe raw materials used in the process are commo n 
s alt and limestone , ^ atdmmchlorid&iri^by-product in this proces s The diagram in 
Fig 14 2 shows this process • 


(i) Carbon dioxide is passed under pressure into a strong sodium chloride (brine) 
solution alrea dy saturated with ammonia . Carbon dioxide forms carbonic acid which 
neutralises ammonia and foims ammonium hydrogen carbonate 


NHi+ H 2 0 + CCh-* NH4HCO3 

(li)-" Addition of-common salt (NaCl) to the solution containing all the ions, Na + , 
"lT, NH/ and HCO3’, precipitates out the least soluble NaHCCh which is filtered 
off. 


Na + + Cf+ NH/+ HCOa'-► NaHCCh + NH/ + Cf 
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jk T) Sodium hydrogen carbonate is heated to convert it to sodium carbonate 

f 2 NattCOs-* Na 2 C0 3 + C0 2 + H 2 0 

The C0 2 evolved is useful (recirculated) for step (i). 

(iv) Carbon dioxide in step (i) is generally obtained by heating limestone, CaCOj. 

CaC0 3 -* CaO + C0 2 

(v) Quick lime (CaO) t jn step (iv) is slaked with water and boiled with ammonium 
chloride produced in step (ii) to liberate ammonia which is used in step (i). 

Ca(OH) 2 + 2NIL,C1-* CaCl 2 + 2NH 3 + 2H 2 0 

(vi) The overall recation is, 

2NaCl + CaCOs-* Na 2 C0 3 + CaCl 2 


Sodium carbonate is readily soluble in watej and the crystals obtained from the 
solution are of the decahydrate. Na 2 C0 3 10H 2 O ^This is known as washing SODA.^ 
The name ‘washing soda’ is derived because of its use in water softening. Large 
quantities of this compound are used in the glass industry On heating the decahyd¬ 
rate loses the water of crystallisation to form the monohydrate, Na 2 C0 3 H 2 0 Above 
373 K, the monohydrate becomes an anhydrous white powder Sodium carbonate is 
an inexpensive alkali. It hydrolyses in water to give an alkaline solution. 

C0 3 2 '+ H 2 0-* HCOf + OHT 


Sodium Hydrogen Carbonate.(Baking Soda))NaHCCh 

Sodium hydrogen carbonate Ts known as baking soda because it decomposes on 
heating to generate bubbles of carbon dioxide (leaving holes in calces or pastries and 
making them light and fluffy). 

For household purpose, NaHC0 3 is made by saturating a solution of sodium 
carbonate with carbon dioxide. The white crystalline powder, of sodium hydrogen 
carbonate gets separated being less soluble. 


Na 2 C0 3 + H 1 O+ C0 2 - 

Sodium hydrogen carbonate is ^rriild antiseptic fot 
Sodium Hydroxide (Caustic Soda) r NaOH 7 


■* NaHC0 3 
skin mfecti 



Sodium hydroxide is made from sodium chloride by electrolysis. A brine solution is 
el ectrolysed using a merciuy c a thode an d ;i ca rho_c_j inode for this‘purp ose. Sodium 
mfed_discharEed at the >-,'11 liotL* cor iTiimcs \v,ih mc icurv to form sodium amalgam. 
Chlonne,gas is evolved ai the anode. 


Cathode Na + 4- e -* Na/Hg (sodium amalgam) 

Anode 2CL-*C1 2 + 2e" 


The sodium amalgam is continually pumped into a separate chamber, where it is 
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brought into contact with water to give sodium hydroxide and hydrogen gas, 
- 2N a/Hg+ 2HrO —2 Ne^H 


2Na/Hg + 2H 2 0-* 2NaOH + H 2 + 

Because of its high reactivity, stringent steps are taken to keep the sodium amalgam 
and chlorine apart. The Castner-Kellner cell for the manufacture of caustic soda is 
shown in Fig. 14.3. lO"^* 0 ** 


_ Slate 

partition 

dilute NaOH 
solution E 


g iron cathode 


NaCI 

solution 



vi NaCI 
solution 


graphite [. 

anode r >.~ j , ■ 7 


_ 0 _ _ _ < 


M-J. - .- graphite 
anode 


, . .'I V-j — mercury 

• • - •»« 


; . 1 .». 


electrical groove 

i .. -— —— ■—- -• 

> Fig. 14.3 ^Castner-Kellner Celjjpr manufacture of sodium hydroxide 


You will notice that in this method, a small quantity of mercury dissolves 
in the spent brine solution and this is usually allowed to flow into the sea 
or river, h flercii fy ii peweaeus frir both fish and man . Effective steps 
have to be taken to check this undesirable environmental pollution. , . 


Sodium hydroxide is a white, translucent solid. It melts at 591 K It is readily 
soluble iiLWater to .give a' strongly alkaline solWiorn TrysHITof sodium hydroxide 
arp deliquescen t. The sodium hydroxide solution formed at the surface reacts with 
the COj in the atmosphere to form a crust of Na 2 CC>3. 

Sodium hydroxide is a strong alkali and is used widely in the chemical industry, 
’e.g., soap manufacture, purification of bauxite, manufacture of’rayon However, 
when a base is required to neutralise acids, it is more economical to use sodium 
‘ carbonate, ammonia or lime. Ifte chlorine eas which is a valuable by-product can be 
| used for the productio n nf chemicals such as polyvinyl chloT k te i PVO , an im portant 
| plastic (Unit 13). 
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Potassium Chloride, KCl 

Potassium salts are important fertilisers. The fertiliser industry refers- to any potas¬ 
sium salt as ‘potash’ The main salts used as fertilisers are KCl, KNCh and K 2 SO 4 
Potassium salts are obtained from sea water A semi-commercial plant for potassium 
chloride from sea bitterns has been set up in Kandala (Gujarat) 

Potassium chloride is a colourless crystalline solid, It has a melting point of 
1063K. ' " 

Potassium Hydroxide, KOH 

Potassium hydroxide, KOH is prepated by the electrolysis of potassium chlonde 
solution or by the treatment of potassium carbonate with lime. Potassium hydroxide 
is purified by dissolving it in alc oh oLIt is a white crysta lline .s olid. It has amp. of 
633 K. It is readily soluble in water ” 

-- — 1 - ■ —7 

14 2 MAGNESIUM AND CALCIUM 

Magnesium and calcium belong to group 2 elements in the periodic table. The other 
elements in the group are beryllium (Be), strontium (Sr), barium (Ba) and radium 
(Ra). These elements have two electrons m the outermost shell with the general 
electronic configuration of ns 2 . Some general properties of these elements are given 
in Table 14.2. 

Table 14.2 

Some General Properties of Magnesium and Calcium 


Element Atomic 
number 

Electronic 

configuration 

Atomic 

radius 

(pm) 

Ionic 

radius 

h/P'(pm) 

m p 
(K) 

b.p. 

(V 

lomsalion , energy 
(kJ moC) 

i n 

Density 

(gem') 

Magne- 12 

sium (Mg) 

[Ne]3s 2 

136 

65 

924 

1363 

738 

1450 

1 7 

Calcium 20 
(Ca) 

[Ar]4s 2 

174 

99 

1123 

1765 

590 

1146 

1 6 


The first ionisation energies of group 2 elements are higher than those of the 
corresponding group 1 elements This is because the atoms of group 2 elements are 
smaller in size (compare the atomic radii with Na and K) and the electrons are more 
tightly bound The second ionisation energies are almost twice the first ionisation 
energies in these elements. This indicates that more energy has to be spent to remove 
the electron from the monopositive ion. Magnesium and calcium form bipositive 
cations, but they are less electropositive than the alkali elements In view of the 
smaller size of the atoms and ions, alkaline earth metals are denser and harder than 
the alkali metals and have higher melting points. 

14.2.1 Occurrence and Extraction 

Magnesium and calcium are among the most abundantly found elements in the 
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earth’s crust (magnesium and calcium occupy the sixth and third positions in the 
order of abundance). The chief minerals of magnesium are carnalite, KCl.MgCh. 
6 H 2 O; magnesite, MgCOj and silicious materials such as talc, thMg (S 1 O 3 ) and 
asbestos, Ca 2 Mg 5 Sis 022 (OH) 2 . Magnesium content in sea water is about 0 13%, but 
it is sufficient to make its recovery economical. Magnesium occurs as chlorophyll in 
plants. Calcium occurs as carbonate, CaCOi in marble, CHALK and limestone, A 
few important minerals of calcium are' DOLOMITE (CaCCh.MgCOj), -ANHYDRITE 
(CaS0 4 ), gypsum, (CaS0 4 .2H 2 0), fluorspar, (CaF 2 ), and hydroxyapatite, 
Caj(P0 4 )3 (OH). In addition, calcium is an important constituent of many sea shells 
and corals. 

Calcium and magnesium metals are strong reducing agents. They cannot be 
obtained in the metallic form by chemical reduction They are obtained by elec¬ 
trolysis of their fused anhydrous salts. 

Magnesium from sea water is obtained by the Dow process. In this process, 
molten magnesium chloride is electrolysed using un iron .cathode and, a ,carbon 
anode The process consists of the following steps 

(i) Magnesium ion is precipitated as magnesium hydroxide by the additn >n of slaked 
lime, Ca (OH)i to the sea water 

Mg i+ + Ca(OH) 2 '-* Mg (OH )2 + Ca 2+ 

(ii) Magnesium hydroxide is converted to the chloride by treatment with hydro¬ 
chloric acid. 

Mg (OH ) 2 + 2HC1-* MgClz + 2H 2 0 

The chloride is crystallised as MgCl 2 , 6 H 20 . 

(lii) Fused magnesium chloride for electrolysis is obtained as follows- 

Magnesium chloride is partialh delndialed by pass'-ig ? caucT o f dr 1 . Kding er. 
chloride g as The chlori de thus obtanv. i ide 

and calcium chloride (temp range 973-I023K) Magnesium chloride melts under this 
con^rtroirwlTirthe loss of water 


If magnesium chloride hydrate is heated strongly, it hydrolyses to yield 


agnesium oxide (magnesia) which is a refractory 


Mg Ch. 6 H 2 O-- MgO + 2HC1 + 5H 2 0 

(iv) The molten mixture of MgCh, NaCl and CaCh is electrolysed. Magnesium i s 
f ormed at the cathode and chlorine is evolved at the anod e. The chlorine is used to 
make hydrnrTilnrjr anid which in turn is required for making magnesium chloride. 


Cathode: Mg + 2e~ 


Anode: 20” 


■ Cl 2 + 2 e~ 
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14.2.2 Properties of Magnesium and Calcium 

Magnesium is a metal of low density. It burns in air or oxygen with a brilliant 
flame. The products of burning in air are magnesium oxide and magnesium nitride 
(MgjNi). Magnesium burns with the evolution of much heat (more heat per mole 
than even hydrogen). It also burns in many other gases as wel^such as CO 2 and SO 2 
forming MgO. 


2Mg+ CO 2 -* 2MgO + C 

2Mg + SO 2 -- 2MgO + S 


14.2.3 Uses 

Magnesiu m being a light metal forms many alloys with aluminium, zmc,manganese 
and tin.( pjg^^um-'alurninium ,, | llovs are used in aircraft MjQjitruction Magnesium 
tpnwH er anTfibbonl is nscdm flash powders and bulbs.CA- ^uspensio n of magne^ -, 
adiirSnvHrolcide in water (called milk of magnesIaWrYised as an antacich when a 
person suffers from excess acidity. Magnesium cai h on at£_is an-.ingr.edlfint.JiLtQ.Qth 
Paste _ __^ 

/Calcium is a powe rfu l reducing agenKI t is used in the extraction of metals from 
oxides (which are difficult to reduce with carbon) Calcium exhibits high reactivity 
towards oxygen and nitrogen B ecause of this, calcium is used to remove air from 
vacuum tubes. 

14 2.4 Some Important Compounds of Magnesium and Calcium 

Magnesium and calcium form dipositive ions. They form compounds with many 
non-metals. The compounds are generally ionic. Unlike the salts of alkali metals, 
those of magnesium and calcium are not always^ Readily soluble in water. 

/ v ^ > 'w \CM» 

^ Magnesium Chloride, MgCh 6H2O 'CV^Ci V VA C*-R. ' *•* A 

The main source of magnesium chloride is carnahte deposits. Another source is sea 
water In the laboratory, it is prepared by the action of hydrochloric acid on 
magnesium oxide or carbonate. It crystallises as a hexahydrate, MgCh.bfhO Water 
molecules in this hydrate are removed by heating it in a stream of hydrogen chloride 
gas 

A saturated solution of magnesium chloride when mixed with magne^jim^ftYide 
sets to a hard mass. This has the composition MgCl2.5MgO.xH2O. This is used as 
( magnesia cement ^ 

Magnesium Sulphate, MgSO^JHiO 

Magnesium sulphate, occuiTaslhTrmheral kieserite, MgS0 4 7H 2 0, or as EPSOM ITE 
SALT, MgS0 4 7HjO, in the mineral waters of the Epsom spring in England In the 
laboratory, it is prepared by treating magnesium metal, magnesia(MgO) or 
magnesium carb&nat&with dilute sulphuric acid. Magnesium sulphate is used in 
medicine as a d turgative j nd as a mordant for cotton goods in the dyeing industry. 
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Magnesium ions in solution can be tested for by the phosphate test. 
Disodium hydrogen phosphate, Na 2 HPQ.*, is used as the reagent > 


Calcium Oxide, CaO 

Calcium oxide, known as quicklime is a prim ary—mater-iai-ef importance in the 
building industry. Its utility lies 1 in the fact that it is the cheapest form of alkali. 

It is made on a commercial scale by heating limestone in a rotatory kiln at 1070- 
1270 K. 


CaC0 3 


CaO + C0 2 


Calcium oxide is a white amorphous solid. It has a m.p. of^870jyi On exposure to 
atmosphere, it absorbs moisture and carbon dioxide 

Calcium^i{rrd-e~is»extgnsively used in chemical industries. For example, it is used 
in the ^'urification of sugar )and m the manufacture of dyestuffs 

Calcium Hydroxide, Ca(OH) 2 

Calc ium hydroxide, is known as SLAKED LIME Addition of water to quicklime 
produces slaked lime 


CaO + H 2 0- 


■ Ca(OH ) 2 


Calcium hydroxide is a white amorphous p owder.Jt i ssparinglv soluble in water. A 
suspension of slaked lime in water is called( MiLK of lTM?^ 

Calcium Carbonate, CaCOz 

Calcium carbonate occurs in nature in several forms (limestone ) antx marb lgiare two 
of them. It can be prepared by passing carbon dioxide through slaked lime or by the 
addition of sodium carbonate to calcium chloride. 


Ca(OH ) 2 + C0 2 - 
CaCl 2 + Na 2 C0 3 - 


-*CaC0 3 + H 2 0 
*CaC0 3 + 2NaCl 


Excess of carbon dioxide should be avoided since this leads to the formation of 
calcium hydrogen carbonate. 

CaCOj + H 2 0 + C0 2 ->Ca(HC0 3 )2 

Calcium ca rbonate, is a white fluffy po wder. It is almost insoluble m water. Calcium 
carbonate<^CaC03 along with MgCOjis used in the extraction of metals such as 
i'Iroi? f '-'3 -- 1 / 


Calcium Sulphate, CaSOi 

IrT'nature'lia^^ occurs as the anhydride, CaSCh, or as the dihydrate, 

gypsum, CaSO-t 2H 2 0. Large quantities of gypsum are available in India in the states 
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of ( Punja b and Rajasth anr-" 

IntR5~ts5ofatory, it is prepared by the action of sulphuric acid on CaCh The 
dihydrate is sparingly soluble in water. 

Interesting observations have been recorded during the heating of gypsum. Initial 
heating changes its crystal structure. On further heating at.39_0-K, it loses water and 
forms CaSO4.0.5H2O or (CaSO.O 2 .H 2 O. This is known as plaster of Paris, On 
heating above 437 K, it becomes anhydrous CaSCL and does not set when mixed 
with water. It is known as dead burnt plaster 

Plaster of Paris. It is a hemihydrate of calcium sulphate, It is forme d_bv the 
partial dehydration of calcium sulphate dihydrate (gypsum) by "heating in a kiln to 
393-403 K wifh agitation. 

2CaS0 4 2 H 2 O--(CaSOVh.HiO + 3 H 2 OJ 

Plaster of Paris has the remarkable property of setting and hardening when it is 
mixed with sufficient water to form a slurry '"O'f a~ suitable" c6hTi^eney:~A'Ti ard 
crystalline mass of gypsum is formed..' — ■ ..— _ . --- 

The largest use of plasfex.of Paris is in the building industry as well as plasters 
and wall boards which are commonly made by hydration of mixtures” of lime and 
calcium sulphate hemihydrate often with a fibre base. It is used for making 
decorative materials as well. Piast er of Pan $ is used for ffimnobilising th ejiffectid 
( parr oTdfgahs~~wT'etK there is bone fracture or sprain. 

14 3 ALUMINIUM 

Aluminium Us one of the elements of group 13 of the periodic .table. The other 
elements are boron (B), gallium (Ga), indium (In) and thallium (Tl).These elements 
have three electrons in the outermost shell, ns 2 np' They form tripositive 10 ns These 
elements are less electropositive than alkali and alkaline earth metals of groups 1 
and 2 Some of the general properties of aluminium are given in Table 14 3 

TABLE 14 3 

Some General Properties of Aluminium 


Element 

Atomic 

Electronic 

Atomic 

Ionic 


number 

configura¬ 

radius 

radius 



tion 

(pm) 

M*(pm) 

Aluminium 

(Al) 

13 

[Ne] 3 j j 3p 1 

125 

50 


m P bp Ionisation energy Density 
(K) (K) (kJmor') 

1 II III 


933 


2743 


600 2427 3658 


(g. cm' 1 ) 


2 70 


Aluminium has a high first ionisation energy and tends to form more covalent 
compounds. Although aluminium is a reactive metal according to the electrochemical 
surface 18 rCndered unreactlve beca use of the presence of a stable oxide film on its 
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14 3.1 Occurrence and Extraction 

Aluminium occurs widely as, a constituent of rocks and soils It is the most abundant 
element (8 31% by weight) in the earth’s ciust after oxygen and silicon. 

The important minerals of aluminium are_BAUxnE JtyffJated aluminium oxides 
generally represented as Al 2 Gi2H 2 0,T fntsp.XRT^MShbs; cryoi itf Na 3 AlF 6 ^> 
and mica KA1Si 3 Oi«(O ET) j'Tn IndI a7_m ica TIT found in Katm, Belgaum "places hear 
JamirTuT Rewa and Orissa. India is the largest suppliei of mica It is found in Bihar, 
Madhya Pradesh, Mahaiashtra, Tamil Nadu as well as Jammu and Kashmir 

Extraction of aluminium from bauxite involves two stages In the first stage, 
pure alumina (AhOi) is obtained from bauxite and in the second stage.eiectxolysis-of 
molten alumina is carried out to give aluminium metal_ m 

(i) Bauxite is treated with a hot concentrated solution o f. j.o.duiffl.hydrox-ide. 

Aluminium dissolves to foim sodium 'aluminate,_ NaAlOi, leaving behind iron oxide 
which is presen t as an.imtmrity 

This is a simplified picture of aluminate formation Actually the chemistry of 
aluminates is complex. Alumimum Jivdroxid e whi ch is formed redissolves in excess 
of sodium hydroxide to form ((odium aluminate, NaAlfOK ^T^ isuiQl^SiULitabk 
and on heating gets convertemTo~NaXIDT wBcTTrs-cttited- ^dium meta-aluminaTeA 
Along with the aluminate solution, silica, SiCh also dissolves in sodium hydroxide to 
form soluble sodium silicate, NaiSiOi 


AI 2 0i. 2H 2 0 + 2H 2 0 + 2NaOH 
SiOj + 2NaOH--■ 


'2NaA10i + 3H 2 0 


S 1 O 2 + 2NaOH--- Na 2 Si0 3 + H 2 0 

The solution containing podiu m aluminate and sodium silicatej s seeded with freshly 
precipitated aluminium hydroxid'e. Aluminium hydroxide precipitates leaving behind 
sodium silicate in solution. This is filtered Heating aluminium hydroxide at 1473 IC 
yields pure alumina 


NaAlCb + 2 H 2 O- 
2A1(0H) 3 - 


-NaOH + Al(OH) 3 
-AI 2 O 3 + 3H 2 0 



Fig, 14 4 Denial) lu Cell/m prailuaion of aluminium 
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(ii) Alumina- is - dissolved in a fused mixture of cry olite (Na 3 AlF 6 ) Jwith a little 
fluorspar (CaF^Jtvhich lowers the temperature of the'TnelTa'nd electrolysed at 
aboufll73 IT. The electrolytic cell used for the production of aluminium is given m 
Figure 14 4 

Cathode • Al 3+ + 3e-* A1 

Anode . C + O 2 -* CO + 2e 

C + 20 2 '-‘ C0 2 + 4e" 

The oxygen evolved at the anode burns the carbon anode producing carbon dioxide, 
and carbon monoxide. Because of this, the anodes need to be replaced periodically. 

14.3 2. Properties of Aluminium 

Aluminium is a soft, light, silvery white metal with a m.p. 932K. It is quite 
reactive and readily reacts with oxygen to give AI 2 O 3 Because of this, the surface of 
the metal is always covered with a layer of the oxide 

Aluminium is not attacked by pure water. In saline water, it is easily corroded. 
Aluminium dissolves in alkali forming hydrogen and the colourless aluminate ion. 

2A1 + 2NaOH + 6 H 2 O-*2NaAl(OH ) 4 + 3H 2 

Addition of a small amount of alkali to an aluminium salt solution precipitates 
aluminium hydroxide On the addition of more alkali, the hydroxide dissolves to 
form the aluminate ion 

14 3.3 Uses 

Aluminium is a soft metal with a density of 2.7 g cm -3 Aluminium can be easily 
extruded through dies to form complicated shapes. It is used for making the angles 
used in windows. It is a good conductor of electricity Though it is not as good 
a conductor as copper, thicker cables of aluminium are used for transmission of 
electricity Al um in ium forms many useful alloys, e,g. mangnalium (A1 and Mg), 
duralumin f2 4J. Cu, Mg and MrTpJ n view of their low density, aluminium alloys are 
used in a ircraft an d other transportation vehicles. In the form of finely divided 
flakes, aluminium iT~u s etTulFa 'plirff~pTgrffent--AIumin 1 um foil is used as a wrapping 
material Aluminium is used to produce metals such as chromium and manganese 
from their ores (aluminothermite process) (Unit 2). Aluminium utensils are exten¬ 
sively used for household purposes. 

14.3.4 Some Compounds of Aluminium 

Aluminium forms many compounds. Among these the halides and sulphates are 
important. If aluminium is reacte d with concentrated or d ilute hydrochloric acid, 
aluminium chloride (AlCh) and hydrogen are formed. 

2 A1^^1^T——-~ ^2 AlCh~+ 3H 2 

Aluminium chloride exists as d i mer, A hCle, in in ert organ ic solvents as well as in 
the vapour state. The structure of this dimer is represented as follows. 1 
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In the above structure, each aluminium atom has achieved an octet configuration by 
accepting a lone pair of electrons from the' chlorine atom of another aluminium 
chloride molecule. Aluminium sulphate forms double salts with .sulphates, of-other 
metals. These are called alums One of the best examples is sodium aluminium 
sulphate, Na2S0 4 Ah(SQ 4 h. 24H_:Q ; Ahims are extensively used for water softening 


14 4 CEMENT 

We have seen that magnesium, calcium and aluminium form many compounds used 
in everyday life Two of the important materials are cement and glass. We have 
learnt about glass in Unit 13, Here we shall study the nature of cement and its 
manufacture. 

Cement is an important building material. Although the cement industry in India 
began in 1914 , small quantities of the material were being manufactured even at the 
beginning of the twentieth century u sing calcium carbonate from sea shells as the 
b asic mater ial, production ot cementTs continually on the increase in the country. 

' Cement is a product obtained by combining a material rich in <t jme, 
other materials such as clay which contains silica, SiCh, along with oxides of 


? 



Photo IV The kiln where raw materials' are baked to cement (a cement factory In Punjab) 

Courtesy: P.I B. New Delhi 
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(aluminium, iron and^agnesiumVThe composition of the metal oxides could be 
dif ferent m diite r enrtvDes of c ements The ave ra ge compos ition of Portland cement 
is (^50^0%^1and S0 3 , 
For a good quality cement^" Jhe.jauof oT silica (SIO 2 ) jo__alurnina (AljQaX 
shoul d he between 2 JLand-iJLand the ratio of lime (CaO) to total oxides o f sil icon 
(SiOj), aluminium (AJ 2 Q 3 ) and iron IF. 1 O '• du'/d he .is e’ose 

The raw materials for the manuMiui'e 01 eemeii ne (jniTTi.iiie ,1 dJTjy _When 
^clay and lime are strongly heated together, they l use and' react to form ^emen! ) , 
C^TNK^R^It is a complex mixture of c ^nTT^Tre.re' am' eeJe"..i' Tir 

cy2Se^I&-fB4xed with 2-3% by w eight of gyp - .rn flX .iM ) 'ijT)J ir ;o.» i.!;h • !!■• ' 
getting rime and is then ground jo an ex ceedmglyTihe pow der. ~ V-i . .— 


Lime stone and 

Burnt at 

Calcium silicate 


clay are powdered 

1770 7 1870 K 

Ca 3 SiO«, CaiSiO, addition 

Portland 

and mixed 

in Rotary kiln 

Calcium alummate 0 f a ypsum 
CasALOf,, CuiA1 2 0 3 

cement 



‘cement clinker’ 



When mixed with water the cement reacts to form a gelatin ous mass which sets 4 0 a 

hard mass when th ree dimensional, c mss-links-a-re f orme? between-Si— 0—Si— 

and -—Si—O—A1 —chains, 

There aremany materials which possess properties similar to cement One of 
them is ffly?sti^ )a wast e pr odu ct , f'r a ro-the .j ileel ind ustry. This can be added to 
ce ment tcT reduce the ^ost wi^mip_affecting th e quali ty^ Rice husk which has high 
sflfdacontent has been em 




14.5 BIOLOGICAL ROLE OF SODIUM, POTASSIUM, MAGNESIUM 
AND CALCIUM 


Sodium and potassium are the most common cations m biological fluids. Inter¬ 
estingly, manyqells_tend_to_accumulate K + ions at the expense of Na + ions. Typically, 
in red blood cells, the ratio of potassium to sodium is 7 1 in mammals such as 
human be'ings, rabbits, rats and hoises This ratio is 1 15 in cats and dogs In order 
to establish this concentration gradient in the cell, work has to be done. Biologists 
propose different mechanisms such as the SODIUM PUMP and the POTASSIUM PUMP 
The most remarkable feature of these cation gradients is the development and 
functional features of nerve cells. In the resting state, a nerve cell exhibits a potential 
corresponding to the potassium concentration across the membrane. During acti¬ 
vation of nerve cells, a Chemical (e.g., acetyl choline) is released near its end plate 
and the membrane potential is discharged, This discharge is transmitted through the 
length of the nerve cell by an electric pulse. This action illustrates the importance of 
sodium and potassium cations, 

/ Magnesium and calcium play an important role in biological reactions The main 
pigment for the absorption of light in plants is chlorophyll which contains 
magnesium. Imagine what life would be without photosynthesis! 

Calcium occurs generally in animal bones as phosphate. Very little is known 
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about the changes in bone structure as one grows old jZalcium ions also play an 
i mportant role in muscle conti action |These functions are related to energy storage' 
ni T biologicafsy stems mthTTomToT pyrophosphate linkaJi These linkages are 
formed through a catalytic role by Mg or Ca ions. The pyrophosphate undergoes 
hydrolysis with the release of energy This proc ess is £xm trolled~'5y : caici^TgHi— 
There are matry-enzyme leauljuns IhaTare^ontrolled by alkali and alkaline earth 
cations. Chemists have not yet fully understood the role of alkali and alkaline earth 
cations in biology although their importance has been recognised ' ' 


HOW IMPORTANT ARE SILICATES? 


Silicate rocks and minerals play a very important role in providing a strong 
so hd structure to the earth Silicate rocks , whi ch make up the m aioritv of the 
rocks on earth, vary greatly’ in their compositions. Some contain discrete 
silicate ions, like orthosilicate ions, SiO 2 ’ and other pyrosilicate io ns, ShQ? 6- , 
but most silicate rocks contain hundreds r>f thousands or-millions of atoms 
connected in chains (Fig 14.5), sheetsoy in three dimensional network (called 
polymeric silicates). Polymeric silicate anions are found in 'micas apd clays. 
Since these rocks are electrically neutral, they must, also contain a sufficient 
number of cations (such as Na + , K + , Ca 2+ , Mg 2+ , Fe 2+ , Mn 2 *, Zn 2V ) to equalise 
all the negative charges earned by the oxygen atoms The combination of 
different forms of silicate ions, and different„catiq_n§,, produces many kinds of 



jftg. 14.5 Chain silicates ■ (a)Shartng of two oxygens by each SiOi~ teteahedtpnr.esuhirtgin a simple (.ham, 
(b) Joining of tWo simple chains by shared oxygenrestilhng ln a double chain. 
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silicate rocks and minerals The situation is even more complicated by the fact 
that nature is seldom interested in preparing pure compounds, so that many 
individual rocks are mixtures. 

In a silicate structure, some of the Si 4+ ions can be replaced by Al 3+ ions 
and the network must then carry an overall negative charge which is balanced 
by the incorporation of cations such as Na + and Ca 2+ into the structure 
Compounds of this type are called aluminosilicates; one example is ctnalcue, 
which is a zeolite (empirical formula, Na + (AlSuOs) - H 2 O). Both natural and 
synthetic zeolites have a very open structure which allows ion-exchange to 
take place and they are used in the treatment of hard water. When anhydrous, 
they can function as ‘molecular sieves’ Only recently a zeolite has been found 
which can adsorb straight chain alkanes but not branched chain or aromatic 
substances, thus effecting their separation 

As seen earlier, glass is also a mixture of sodium and calcium silicates. In 
manufacture of cement, when clay and limestone are strongly heated 
together, they fuse and react to form cement clinker which is a complex 
mixture of calcium silicates and aluminium silicates. 


EXERCISES 


14 1 What arc the common physical and chemical features of alkali metals? 

14 2 List some important ores of sodium and potassium 
14.3 Explain the following 

( 1 ) Alkali and alkaline earth metals connot be obtained by chemical reduction 
methods. 

(ii) Ionisation energies of alkali metals decrease as the atomic number incieases. 

(iii) Group 2 metals (Mg and Ca) are harder and denser than group 1 metals (Na and 

K) 

(iv) It is necessary to pretreat the bauxite ore before electrolysis to obtain aluminium. 

14 4 Discuss the various reactions in the Solvay process. 

14 5 With the help of a diagram, show the reactions at the cathode and the anode in the 
manufacture of sodium hydroxide by the Castner- Kellner process 7 

14 6 How does magnesium occur in nature 7 How is magnesium metal obtained by the 
electrolysis method? 
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14 7 Name a few important uses of the following compounds. 

(i) Sodium bicarbonate 
(n) Epsom salt 
(lii) Quick lime/ slaked lime 
(iv) Sodium hydroxide. 

14.8 Bones contain calcium ions What do you think would be the anions associated with it 9 

14.9 Describe the electrolysis process to obtain aluminium metal from bauxite 

14.10 The hydroxides and carbonates of sodium and potassium are easily soluble in water 
while the corresponding salts of magnesium and calcium are sparingly soluble in water. 
Explain. 

14 11 What chemical test would you perform to detect sodium, magnesium, calcium and 
aluminium ions in a given solution? 

14.12 What is the effect of heat on the following compounds 9 (Write equations for the 
reactions). 

(l) Calcium carbonate 
(li) Magnesium chloride hexahydrate 
(in) Gypsum 

(iv) Magnesium sulphate heptahydrate. 

14 13 Name a few alloys of aluminium 

14 14 Explain the significance of sodium and potassium in biological fluids 
14 15 Explain the following: 

(l) Aluminium is used for electrical cables though it is relatively less conducting than 
copper. 

(n) A piece of burning magnesium ribbon continues to burn in sulphur dioxide. 

(ill) Aluminium dissolves both in acidic and basic solutions 

(iv) It is necessary to add gypsum in the final stages of preparation of cement 
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Egyptians called iron, ‘‘the metal of 
heaven”, but man continues to 
worship gold. 
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OBJECTIVES 

In this Unit, we shall learn 

* the general properties of a few heavier metals such as tin, lead, iron, 
' zinc, mercury, copper, silver and gold; 

* Jhe steps involved in the extraction of these metals from their ores; 

* a few commonly used alloys of these heavier metals, 

* the preparation, properties and uses of oxides, sulphides and h'alides 
of these metals; 

* the chemical principles,of photography. 
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PRODUCTION OF metals and their uses either in the pure form or when mixed with 
one another to form alloys have been known since ancient times. Some of the 
common metals that we encounter are tin, lead, iron, cobalt, nickel, copper, silver, 
gold, zinc and mercuiy These metals have played an important role in the bionze 
and the iron age as well as in the industrial revolution Even today, in the atomic 
age or the space age, they continue to play a leading role. 

We studied in Unit 2 the various steps involved in the metallurgical operations 
for the extraction of metals. In this Unit, we shall study the extraction of some 
common heavier metals from their ores Alloys of some of these metals find wide 
applications. The preparation, properties and uses of some of the common com¬ 
pounds of these metals will also be discussed in this Unit 

Iron, zinc, mercury, copper, silver and gold are transition elements (d-block 
elements) Tin and lead ate neighbours of tiansition elements and belong to group 

14 in the periodic table The change-over from nan-metallic to metallic nature'with 
increasing atomic number can be seen clearly in the elements of group 14, and we 
study them, together. 

15 1 IRON (Fe) 

C JrorTis 1 the .'s econd m tost abundant metal occurring in the earth’s ciust /It is an 
element of the first transition series Some of its general properties are given in table 
15 1 


TABLE 15 I 

Some General Properties of Iron 


Element 

Atomic 

number 

Electronic 

configura¬ 

tion 

Atomic Iona 
radius radius 

(pm) (pm) 

M 2+ iW 3+ 

m p 

(V 

bp, 

(K) 

Density 
g<- m" 1 

Oxidation 

states 

Iron(Fe) 

26 

[Ar] if A s 2 

126 76 64 

1809 

3273 

7 86 

+2,+3 


15 1.1 Occurrence and Extraction ^--- 

The chief ores.ofjron are the oxides in different forms suchCa s HAE MATITE, 
-'MAGNET 1 1 r, FejCEj, uTvion ill, or hydrated ferrip oxide, (Fe 2 Oi 3H70)7 sTdfriif, 
FeC0 3 and iron pyrh fs. FeS z . 

In India, iron ores are found chiefly in the states of Bihar, Orissa, West Bengal and 
Karnataka. Itoru-and—steel producing factories in India are located at Asansol, 
Jamshedpur, Bhilai, Durgapur, Rourkela, Bhadravati and Bokaro. 

The three forms of iron used widely are cast iron, wrought iron and steel They 
differ in properties because of their carbon and phosphorus content 

Extraction of iron from its ores consists of two processes, (i) Smelting to obtain 
the crude metal, and (n) refining of the crude metal Smelting is carried out in a 
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blast furnace (a steel vessel lined with fire bricks). Iron ore (generally haematite) is 
c alcined to remove volatile impurities, like sulphur and ars enic Th e calcined nrp 
al ong with limestone and coke are lifted to t he top .of the furnace and released when 
needed Preheated air at a temperature of about 873 K is passed into the furnace 
through a number of nozzles, Near the bottom, preheated air comes in contact with 
the fallin g coke and combustion of coke takes pla ce 

C -f O 2 -*• CO 2 + heat 

The reaction is highly exothermic This CO 2 goes upwards and comes into contact 
wi th layers of coke and gets reduced to C O) ~ ~ 

___ C0 2 + C — -► 2 CO 

jc O acts as a reducing agent andjeduces ironjjxideJo iron .\ 

Fe 2 0 3 + 3 CO -* 2 Fe + 3C0 2 

(molten) 

Fe 2 0 3 + CO-2FeO + C0 2 

Fe 3 0 4 + CO-* 3FeO + CO 2 

FeO + C -- Fe + CO 
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Molten'iron thus foimed is collected at the bottom from where it is tapped off. 
^"Limestone which acts as a flux decomposes at about 1073 K. The quicklime 
reacts with sandy impurities (S)0?1 UiJ orm, a-S.lae-Qf-cal&ium silicate. 

-_ CaC0 3 -CaO + C0 2 

CaO + S 1 O 2 -- CaSiOs (slag) 

The molten slag is less dense than iron and floats on the top When both molten 
iron and slag are diawn off, coke and limestone are added The gases leaving the 
furnace contain CO and are used to heat the incoming air-blast The whole blast 
furnace process is continuous 

The molten iron tapped off from the furnaceJs solidified lnto-blocks Jcnownjis 



Photo V Gena til view of Durgapur steel plant 
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‘pigs’ This form of iron is called ‘pig iron’ or cast iron. It contains abou t 3-5% 
Sarbon and varyi ng amoun.t SJif-Mn^.Sj.,_S.. and P. The presence of these impurities 
makes the iron hard and brittle Cast iron cannot be fnrged._a n_welderi hv hammerin g 
WheiT*molteh"casFlron solidifies, it expands slightly. It, therefore, finds extensive 
applications in casting various shaped articles, such as toys, radiators, stools, pipes 
and agricultural implements. 

Cast iron is either converted to wrought iron or steel.. Wrought iron which is a 
comparatively p ure form of iron is obtain ed b_yjefinin.g_caaL.iron The cast iron is 
heated with Haematite (Fe 2 0 3 ) so that the impurities are oxidised. 

Fe 2 0 3 + 3C--- 2Fe + 3CO 

Carbon monoxide escapes while MnO, present as an impurity, combines with S 1 O 2 
to form man ganous silicate CMnSiOi) a slag. 

MnO + S 1 O 2 -* MnSiOa (slag) 


Wrought iron thus formed contains about 0.2-0.5% carb o n and traces of P and 
Si in the form of slag. Wrought iron is ductile, soft and malleable. The presence of 
"sl ag in the iron" makes'l f-tough-and- jesistant-to wards rust ing and corrosion It is 
used to make magnets in electric cranes and dynamos. It is also used to make 
articles such as chains, anchors, bolts, nails and railway carriage couplings. 

Iron by itself is not very use ful, b ut the addition of metals and carbon converts it 
into ste el. The various steels have a carhon content vary ing from 0 1 to 1 .5%. By 
increasingjhe carbon content in steeL ritT'cIuctiiitv decreases^a nd its (pensile strength^ 
TncreaseT 


There are three methods commonly used for the production of steel on a large 
scale They arejJ^tlTe Bessemer Processj^^u^-tfuTOpen Hearth Process, and (iii) the 
^Electric Furnace Process, Molten pig iron is poured into the Bessemer convertor 
which is made of steel and lined w ith refcactwy material- (silica bricks) The ini tial 
te mperature rises rapidly to approximately 1873 K Impurities such as M.n. Si. an d 
C burn off. When all th e carbon is completely remov ed, the requisite amount of 
carbon is added to convert iron into steel. 

If cast iron contains aprerlaTTfeTev els of phosphoru s the Convertor is lilted with 
l ime (CaO) and mag nesia (MgO) instead of Si0 2 Some lime is added to the molten 
cast iron. The phosphorus present as an impurity is oxidised to P2O5 which forms a 
slag, Ca 3 (P0 4 )2. 

steel of more exact composition is obtained by the open hearth process. In this 
process, a mixture of cast iron, scrap iron, iron ore (haematite) and lime is melted in 
an open hearth furnace. The hearth is lined with Si Ch or calcined dolomite (MgO 
CaO) depending upon the nature of the impurities present in the cast iron. Heating 
tcPaBout 1873 K is done by burning.iueL-gas-arrd air. The slag formed over the 
surface protects the steel from oxidation. The jmoggss h much slower hnt a better 
quality of steel is formed. 

InTecent years a combination of the Bessemer and the open hearth processes has 
been employed The electric furnace method differs from the open hearth process 
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primarily in the method of heating 

Properties of steel: The hardness of steel depends on its carbon content and heat 
treatment. Hard steel can be further harden ed by heating it to red hot (1123 K) and 
coo ling it b y .plunging-itinto .cold water. This process is called quenching It hrajkes 
the steel hard and brittle. If the quenched steel is reheated to a temperature between 
503 K and 573K and' allowed to cool slowly, it retains its hardness but the 
brittleness disappears. This process is known as tempering If-KteeLisJieatedJQ„aL_ 
temperature well below- .red.iie.at an d is then cooled slowly, the process is called 
anne aling. Anneale£ ite£dts^oitf 

Steels have carbon contents v arying f rom 0 1 tol. 5 %. Othe r elements are added 
during the manufacture of steel to impart certain properties. Mild steel contains 
carbon between 0.1 and 0.4%. Hard steel contains between 0.5 to 1.5^carbdn. Hard 
steel can be furt her h ardened by heat treatment and is used for tools. A few 
examples of alloysteels are given i n Tab le 15 2 



* 

TABLE 15 2 




Some Alloy Steels 


Name of alloy 

Percentage 

composition 

Properties 

Uses 

^Stainless steel 

Manganese steel 

Fe — 73 ^ 

Cr — 1$ s' 

Ni- 8 y 

and carbon ^ 

Fe —86 

Mn— 13 
and carbon 

Resists corrosion 

Very hard, resistant to wear 

Ornamental pieces, 
cutlery 

Rock drills, safes 

Tungsten steel 

Fe —94 

W— 5 
and carbon 

Hard 

High speed cutting 
tools 

^/Invar 

Fe —64 

Ni —36 

Small coefficient of 
expansion 

Watches, meter 
scales, pendulum rods 

^/Nickel steel 
^P^rtnalloy 

Fe — 98-96 

Ni — 2-4 

Fe — 2Y 

Ni —78 
and carbon 

Resistant to corrosion, hard and 
elastic 

Strongly magnetised by 
electric current, loses magnetism 
when current is cut off 

Wire cables, gears, 
drive shafts 

Electromagnets, 
ocean cables 


15.1.2 Compounds of Iron 

Iron forms'many compounds in both the oxidation states, two and three. 


Oxides of Iron 

Iron forms three oxides-FeO, Fe 2 0 3 and Fe 3 04 . We encountered all the three oxides 
in the metallurgy of iron Iron (II) oxide, FeO and Iron (III) oxide, Fe 2 0 3 form iron 
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(II) and iron (III) salts on treatment with acids. Fe 2 0 3 and Fe 3 04 occur in nature as 
haematite and magnetite, respectively These are the two major sources of iron and 
steel. 


Halides of Iron 

\ -1- - j- - r,— 

' 'j 

flaky crystals. 


F" C -' l '‘-'-ned by heating iron filing in a stream of 
1 collects in the form of deep red-black, 


2Fe + 3Ch-- Fe 2 Cl 6 


It is a covalent compound, It dissociates on heating above 973 K first into FeCU 
and then into FeCl 2 and Ch The structure of Fe 2 Cl6 is as follows: 



It is soluble m water, a lcohol and ether^iirLforms-hydfates. The most common 
hydrate of iron,F e.Cl 3 6H 2 Q., is yellow in colour The aqueous solution is strongly 
acidic due to hydrolysis. 

Fe 2 Cl<; is used in medicine as an astringent and as an antiseptic ( in the form of 
tincture). On hydrolysis, it gives Fe (QHh. whi chJs_a n important mordant in dye ing. 
Block-makers use a concent rated solution of FeCI 3 fo r et chin g.metals, like copper 
a nd silver This is due to the oxidising action of Fe 3+ . 

2Fe 3+ (aq) + Cu (s)-* 2Fe 2+ (aq) + Cu 2+ (aq) 

Fe 3+ (aq) + Ag (s)-* Fe 2+ (aq) + Ag + (aq) 

Sulphides of Iron 

Iron(II) sulphide, FeS, is obtained by heating iron filings with sulphur. It is used 
to prepare H 2 ‘S gas in the lab oratory by the action of dilu te acid. 

FeS + 2H + -* Fe 2+ + H 2 S 

Sulphates of Iron 

One of the commercially important sulphates of iron, FeSO.i 7H 2 Q. is called Green 
Yitriol because of its green colour. It is prepared by the" action”of dilute'H 2 S04~on 
iron. Th is salt should be made in a r educing atmosphere in order to preverp the 
oxidationofTe^Into Fe ** ' " 

On heating, green FeS04 7H 2 0 gives a white anhydrous salt, On strong heating, 
it forms Fe 2 0 3 , S0 2 and SO3. 

heating 

FeSOi. 7H 2 0 * FeSQ 4 + 7H 2 0 


2FeS0 4 


heating 


Fe 2 03 + S 0 2 + SO3 
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Iron (II) sulphate and other iron (II) salts combine with nitric oxide, 
NO, and form a b rown coloured double compou nd, Fe(NO) SO<, This is 
the basis of the ‘b rown ring’ t est for ionic nitrates. 

Ito n (II) sulp hate is an efficient, reducing agent. It, reduces potassium 
permanganate and_potassium dichromate 


Iron (II) sulphate is one of the cheapest industrial chemicals and is used to make 
iron (III) oxide Iron (II) sulphate forms double salts with sulphates of monovalent 
cations. Iron (II) ammonium sulphate, FeSCL.INILhStAi.dHzO common ly known 
as Mohr s alt-va-thr^-most-i-mpor-tan_Ldouhle..salt. It is prepared by crystallising a 
solution containing equivalent amounts of i ron (II) sulp hate and ammonium sulp¬ 
hate. It is commonly used to prepare standard solutions of"iron ~(II)" By 'direct, 
weighing (primary volumetric standard) and also to standardise KMn 04 solution. 
Iron (III) ammonium sulphate, Fe2(SC>4)3 (NH^SCL 24KLO known as ferric alum is 
comm ercially import ant ” 

15 2 COPPER, SILVER AND GOLD (Cu, Ag and Au) 

These elements have been known to mankind since ancient times and have been 
used for decorative purposes from time immemorial Some general properties of 
these elements are given in Table 15.3. 


TABLE 15 3 

Some General Properties of Copper, Silver and Gold 


Element 

Atomic Electronic 
number configura¬ 
tion 

Atomic 

radius 

(pm) 

Ionic 

radius 

(pm) 

(M*) 

m p 

m 

bp. 

(K) 

Density 
g cm' 1 

Oxidation 

states 

Copper (Cu) 

29 

[Ar]3d l0 4s l 

128 

96 

1356 

2868 

8.92 

+1, +2 

Silvei (Ag) 

47 

[Kr]4d 10 -5s' 

1 144 

126 

1233 

2485 

10.5 

+ 1 

Gold (Au) 

79 

[Xe]5d l0 6s‘ 

144 

137 

1333 

3239 

193 

+I.+3 


The atoms of Cu, Ag and Au have one electron in the outermost shell like the 
atoms of alkali metals. But the atoms of alkali metals hav e eight electrons in th e 
penultimate shell, whereas the atoms of Cu, Ag and Au have eighteen electro ns. The 
properties of Cu, Ag and Au are quite different from those ot alkali metals. 


15 2 1 Occurrence and Extraction 
Copper 

Copper occurs as native copper as well as in combined state. Native copper is found 
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in large quantities in Michigan (U.S.A ) The principle ores of copper are, COP PER 
GLANCE, Cu 2 S, COPPER PY RITE S ,~C uFeS 2 f CU PR IT E ,~C U 2 O a n d MALACHITE, Cu(OH) 2 . 

CuCOj ' ■ “ ' ——. 

Commercially viable deposits of copper are found in Karnataka and Rajasthan. 
In Rajasthan, the Khetri copper belt is an important source of copper. It is also 
found at vanous p..i\.. i he oirei ll"i aluus Kuni, Cur. hv-a and Sik k. - > i are 
the places in fl.i- 11■: <i.i be! 1 In Sw.phi'". in drsinc. tlli.aii Mic.c is a 'ong 

copper bearing belt Malachite and cuprite ores are found in the Mosaboni area, 
^/Copper is extracted mainly from copper pyrijes^ The powdered ore, after'concen- 
tration by the floatation-process, is roHstcd TiTa limited supply of air i n a rever bera- 
tory furnace to convert iron into iron (II) oxide Arsenic and antimony present as 
impurities are removed as volatile oxides 


2 CuFeSj + O 2 - 


Cu 2 S + 2FeS + S0 2 


/fhe roasted ore is then mixed with sand and heated strongly in a blast furnace. 




Most of the iron sulphide is converted into iron oxide. It combines with silica and is 
removed as slag 


2FeS + 30i - 


FeO + Si0 2 


2 FeO + 2 SO 2 

-* FeSi0 3 (slag) 
Iron (II) silicate 


Copper is then recovered from.thft molten-matte obtained from the furnace. The 
molten matte is transferred to a Bessemer convertor-and a-blast of air is blown 
through the molten matte. This operation reduces Copper (1) sulphide to copper 


2 Cu 2 S + 30 2 — 
^Fu 2 Q + CujS 


2 Cu 2 0 T 2S0 2 
—- 6 Cu + SO 2 


The molten copper thus obtained is abou t 99% ijpure and is used for many purposes 
Impure copper is further refined electrolytically to obtain 99.95-99 99% pure 
copper by using a solution of c opper(II) sulphate as the electrolyte An ano dE sl udge 
(anode mud) containing silver and gold settles down j[WTryTlWs the anode sludge 
contain silver and golcPJ/^j^ N ' 


Silver 


Silver occurs as native 1 silver.-as.well as n the cftmb>ed state. Its principal ores are 
jAfiGENTlTh (silver glance), Agi§ JfoRN Ml \ 1 k \g( .ral PYRARGYRITE (rhby silver),) 
AgiSSKS, ' 1 ' 

The silver content inthese ores is small (about 1%). Silver is ajso pres ent in sm all 
quan tities i n l ead, cbpper and zinc or es." 

India does not have silver ores Silver is mostly obtained as a by-product in the 
mining of gold and lead Silver is also obtained to a small extent from the gold ores 
in the Kolar fields IrTKarnataka and inThe Anantpur mines. 
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Gold so obtained h : *nr'i r e - n -id : s rort.n~ : nted w :+ h metals like Ag and Cu 
^ Remov al of silver and cjp;vt 1 ov g ■. • -g \ p.i i ng'j It is done by boiling 

Tmoure^rwith doncenfrafed ~ffiSGi4. Silver and copper , J 1 ■' 

acIcTAvKiTe^fd reTiralns" unaffected Parting can also be c; ■ 

impure sampTe with nitric acid 

Impure gold is also refined electrolyticaljy by using an acidified solution of gold 
(III) chloride, AuCl~. as the^ lactmUoe ■ 

15,2,2 Properties and Uses of Cu, Ag and Au 

Copper is red-brown with a high lustre, but the surface is often dulled by oxide 
formation, Silver is a white lustrous metal whereas gold is a soft, heavy and yellow 
metal with a high lustre Gold and silver are known as ‘noble’ metals as they are 
unattacked by atmospheric oxygen. However, silver becomes tarnished when exposed 
to air containing traces of hydrogen sulphide. These metals are malleable and 
ductile They are good conductors of heat and electricity. 

Uses 

Copper forms a'large number of alloys with other metals, such as tin, zinc, nickel, 
aluminium, etc Some of the most important alloys of copper are given in Table 
15.4. 

TABLE 15,4 

Important Alloys of Copper 


Alloy 

Percentage composition 

Uses 

^ __ 

Bronze 

Cu-80, Zn-10, Sn-10 

For making statues, coins, 
cooking utensils 

.Brass 

Cu-80, Zn-20 

For making utensils,parts of 
machinery, wires 

Gun metal 

Cu-90, Sn-10 l/ 1 

For making gun barrels 

Constantan 

Cu-60, Ni40^ 

For electrical apparatus 


Copper is extensively used for making electric cables and other electric appliances. 
It is used in making utensils, containers, kettles, evaporating pans, coins and calori¬ 
meters as copper is not attacked by water or am . Copper is used fo r elec tro platin g 
a nd electroty ping It is also used for making a laige number of alloys. Copper is 
allo.yedjS Ith gold and si lver for making ornaments and coins. 

Sliver being very soft is alloyed with copper. Silver alloy used for making 
ornaments contains about 80% Ag and 20% Cu The composition of a silver alloy is 
expressed as its ‘fineness’, i.e., the amount of Ag in 1000 parts of the alloy. ‘925 fine 
silver’ means an alloy of 92 5% silver and 7 5% copper 

Pure gold is soft and is generally hardened by adding silver or copper to it for 
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the,.pur pose of makm g_i.ewellery The weight of gold in jewellery is expressed in 
', carats. It signifies the number of parts by weight of gold in 24 par ts by weight of the 
alloy . Pure gold i s 24 cara ts Gold ‘ 18 carat’ means that i t contains 18 parts by 
w eight of pu re gold Most jewellery is made out o f 22 carat gold Gold is also used 
for plating articles made of copper alloys. ’ ~ 

Chemical Properties 

The reactivity of these three metals decreases with inc reasing atomic number (i.e , in 
the order Cu, Ag, Au). The metals are not attacked by water or steam at ordinary 
temperatures. 

Only co pper is attacked bv oxy gen, first formipg copper(I) oxide, Q 12 O (red) and 
then copper(II) oxide, CuO (black). In the presence of atmospheric CO 2 and mois¬ 
ture, copper is covered with a green layer of the basic carbonate, . CuC0 3 This layer 
protects the metal from further action Silver and gold are resistant to attack by air 
and moisture, although the presence of HiSTn air resulfsTinhcformation-of-a black 
stain oTsilver sulphide (Ag 2 S). .. 

None of tfiermetals-displaces hydrogen from acids. They are not attacked by 
dilute non-oxidising acids such as dilute HC1 and dilute H 2 SO 4 in the absence of an 
oxidising agent. 

Copper dissolves more readily in acids when oxygen is bubbled through them, 
forming copper (II) ions 

2Cu + 4H + + 0 2 -* 2Cu J+ + 2 H 2 0 

Copper and silver react with concentrated H 2 SO 4 to form Cu 2+ a nd S0 2 . Copper^ 
and silver arc attacKecTby dilute and concentrated HNO 3 to form NO andNOj 
respeglively (Unit 12). -- 

Gold is very inert and does not react with ox ygen, w ater o r acids . It is, however, 
"attacked by a mixture of concentrated H cT (3 parts) and concentrated HNO 3 
(1 parti, known as AQUA RE GIA 

Chlorine attacks the metals to give their chlorides 

Cu + Cl 2 — - - CuCh 

i p 

2Ag + Ch-■ 2AgCl 

2Au + 3C1 2 : -* 2 AuCb 

15.2.3 Compounds of Cu, Ag and Au -» 

All the three metals exhibit an oxidation state of +1 In this state, their compounds 
are largely ionic. The principal oxidation states of Cu, Ag- and Au are +2, +1 and 
+3 respectively. 

Cu(I) gets oxidised easily to the Cu(II) state which is more stable. Thus, copper 
m ostly forms bivalent-c ompounds. 

The Cu + ion is colourless All copper(I) salts decompose in water Half the 
copper(I) is transformed to copper metal and the other half goes to copper(II). This 
reaction is called DISPROPORTIONATION REACTION 
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2Cu + ■ 


Cu + Cu 2 


In aqueous solution, copper(II) salts are blue. 

Oxide. Copper (II) oxide, CuO, is obtained as a black solid by heating either 
copper (II) carbonate (basic carbonate) or copper (II) nitrate On heating to a higher 
temppriture (1073K), it decomposes into copper(I) oxide, Cu 2 0, and oxygen. 

/Copper (II) oxide reacts with dilute mineral acids and forms copper (II) salts on 
'warming It is also reduced to copper on heating in a stream of H 2 . 

Silver oxide, Ag 2 0 is thermally unstable and decomposes into silver and oxyg en 
onjiloachsating. 

Sulphides 

Copper (II) sulphide, CuS, and silver(I) sulphide, Ag 2 S, precipitate as black solids 
when H 2 S is passed through aqueous salt solutions in the piesence of acid, Gold(I) 
sulphide is the most stable su lp hide of gold and is form ed by .p.assmg-H.S gas 
th rougTTan acidifie d solution of potassium au rocy.ankieu-_K,[Au(CN)j] . It is a dark 
brown solid, msolublFliTwater and not atta cked by mineral acid s. 

Halides 

Copper (II) chloride, CuClj, is prepared by passing chlorine over heated cqp per 
Anhydrous CuCl 2 is a dark brown solid It is soluble in water and forms a number 
of hydrates Concentrated aqueous solution of CuCl 2 is dark brown which changes 
on dilution to green and then to blue. 

Copper (I) chloride, C uCl. is a white solid insoluble in water . It can be obtained 
by boiling a solution of CuCl 2 , excess of copper turnings and concentrated HC 1, On 
pouring the solution into air- free distilled waterTcopper(I) chloride precipitates out 
as a white solid. I t is rapidly washed, dried and _ s'eaIeH In'tlie absence of air, as it 
combines with air aAd moisture and forms CuCk__^ 

A—da pper (D chloride is used in combfnationwith NH4CI as a catalyst in the 
p roduction of sy nthetic-rubber. 

Silver chloride is obtained as a white precipitate when a solution containing 
chloride ions is mixed with a solution containing Ag + 10 ns It is insoluble in water 
but soluble in ammonia, sodium thiosulphate and potassium cyanide. Similarly, on 
mixing a solution of Ag + with a solution containing Br~ or I“, AgBr or Agl 
precipitates out Sil ver bromide is partially soluble where as Ag l is com pleteh 
insoluble jn ammonia solution. T hus, the solubility in ammonia solution decreases in 
the ordefrAgClTAi6^ Agl^All the three hal jdes are photose nsitive. 


G old (III) chlorideTAu Ch, kn own a s airt ic chloride formsT,ed, crysta 1 s which are 
soluble in water. It is obtained by p as sin a_dx.V-xhIojine_Qvei' gold lea ves' primely 
divided gold powder at about 573 K On heating, it decomposes to gold (I) chloride, 
AuCl and Cl 2 . ____ 

heat 

AuClj -- AuCl + Cl 2 __ 

'opper Sulphate 

Copper (II) suphate, commonly known as blue vitriol is prepared by dissolving 
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coppei (II) oxide, or copper (II) carbonate in dilute sulphuric acid. The solution is 
concentrated by evaporation Blue crystals of copper (II) pentahydrate,CuSO<i. 5 H 2 O, 
separate out on cooling On a laige scale, copper (II) sulphate is obtained by forcing 
air through a hot mixture of copper and dilute H;SO.j 

2Cu + 4H + + 0 2 -- 2 Cu 3+ + 2H z O 

On heating, CuS04.5Hz0 loses water molecules as follows 


373 K 423 K strong ~) 

CuS0 4 .5H 2 0-- CuSOi H 2 O CuSOi ^'^ CuO+jsO, J 

Copper sulphate is extensively used in electroplating, electric batteries and as a 
mordant in dyeing. A mixture of C onner sulphate and June under the name of 
BORDEAUX MIXTURE is used as a fungicide in agriculture. It is also used in textile 
dyeing and as a timber preservative 

15.2.4 Photography 

The process of producing pictures by using light images is called ‘photography’ 

It is based on the fad that silver halides, especially AgBr, are highly photosensitive 

The various steps involved in obtaining a photograph are given below 

(i) The photographic film is made from celluloid It is uniformly coated with a 

colloidal gelatinised solution of silver bromide This coating is carried out in a dark 

room 

(li) The sensitive film is_ loaded in a camera, The image of the object falls on the 
sensitive film .when the shutter of the camera is opened for a moment During 
photographic exposure, decomposition of AgBr occurs to form minutejrarticl es of 
silver 

(in) The film is now developed in the dark by adding a developer which acts as a 
r educing age nt The developer is an alkaline solution o r -. mo’ (1 d uTiTTi'.T'V 
which reduc es, some of the silve r hra.rmde t o_hlack silve r, r ,r.M- \r it “7,"i 
The rate at which silver is formed in this process depends upon the intensity .of .light 
duringThe exposure period The darker parts of the film are those which got the 
grea'test illumination. As there will be unreacted AgBr on the film, the film is 
developed in the dark to prevent a general bla ckening of the picture . The image is 
made visible during this pi f ocess However, the brightest parts of the object are 
shown as the darkest in this picture For example, the face of a person will look 
dark and his hair will look grey It is for this reason that the developed picture is 
called a negative 

The film is now fixed bx dipping it in sodium thiosul phate (hypo) solution 
which removes the unchanged silver bromide as a complex ion. 

2AgBr + S 2 OI--* [Ag(S 2 0 3 )2] 3 ' + Br” 

This step is also carried out in darkness After washing the film with hypo solution, 
the film can be handled m daylight 
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{vYfK positive print is then obtained by-shming-light, through the negative on a 
photographic paper which also contains AgBr. The negative image is reversed and 
thPdTrrtrarearoTrthFriegative subsequently become the light areas on the print and 


vice versa, 

^Development and fixing are now carried out in similar way to that used for the 
negative 


15 3 ZINC AND MERCURY (Zn and Hg) 

Zinc and mercury belong to group 12 of the periodic table Some geneial properties 
of these elements are given in Table 15 5 


TABLE 15 5 


Some General Properties of Zinc and Mercury 


Element 

Atomic 

Elect ionic 

Alomic 

Ionic 

m p 

b.p 

Density 

Oxhhuum 


number 

con/iguiation 

radius 

indius 

(K) 

(K) 

g an" 

states 




(pin) 

M 1 ' 









(pm) 





Zinc (Zn) 

30 

[Ar] 3d ll, 4s- 

mm 


692 

1180 

7 1 

+2 

Mercury (Hg) 80 

[Xe]5d"'6s : 

Hi 


234 

630 

13 6 

+ l, + 2 


Zinc and mercury do not exhibit oxidation states in which the d-electrons are 
involved They are, therefore, considered to be non-transition metals. They, however, 
form ions and complexes in the T- 2 oxidation state by loosing ns 7 electrons 


15 3 1 Occurrence and Extraction 

■'zinc blende/' 


The principal ore of..zinc lyTiwc BLENDE/' ^nSyYhe other ores are CALAMINE, 
ZnCCb, a n drZtN C l T E~Z nO~Jn India, zinc blencleis mined in Zawar mines" Toe at ecT" 
iiearTUd aTnli?TnTiImstIfan,i '. “ . 


Tnc blende, after concentration by floatation, is roastedjn air to convert it into 
oxide Sulghurjjioxide so formed is used in the manufacture of sulphuric acid. In 
the case of cal amine ore, cal cination of the_or£j&j;a med~o.nL jnstead ofioas1 1 ng 
The oxide dhlamed is mixed with crushecTcoke and heated to 1673 K in a fire clay 
retort where it is reduced to Zn metal . Being volatile at this temperature, the metal 
di stills over and is condensed'. The metal is refined by frac tional distillation or b y 
(^lectip^s!' * 

Zmc-djist-ts-prcpamd ,hv-,atoinisin g..molten zinc with a blast of air. Granulated 
zinc is prepared by jonring n..>lJ.w. .7.nr Lnio ■•■U.il u.nfp.r 
W The only m ["■ i n; o' "-.''i''-;'. ihe >.iilpHdr 
found mainly in S pain and Italy Mercury is extra.'cd 
heating it in air at 773K-873K.. ~ 


rb- 


TTgS, It is 


horn :lic iiilpl iilc ore by 
The mercury vapour evolved in the process is 
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co ndensed to the liquid metal (about 99 7% pure) Mercury so obtained contains 
le ad, zinc and tin as im p urit ies ~It is purified by passing _it_ _s iowIv through dilu te 
HNO3 Merc ury (I) nitra te Informed to s ome exten t in this process andreactTwith 
the metals present as impurities leaving pure mercury Mercury is best purified by 
dis tillation undei iTHucecT pressu re " 

15 3.2 Properties of Zn and Hg 

Zinc is more reactive than mercury Zinc is a good conductor whereas mercury has 
relatively low thermal and clectrical-corrductivity - Mercury is "a'llquid at room 
temperature because of the_w_e_ak. i nte ratomic forces, .Mercury,forms_the Hg(f) ioriln 
the form Hg 2 +2 in which two mercury atoms are covalently bonded. Most meta ls 
diss olve in mercury fflinmg-am algams^Z inc is readi l y ox idised to ZnO whereas Hg 
is only slowly oxidised near its boiling point,to form HgO, Pure^inc does-not react 
pwnth wafer But impure zinc d ecomposes ste am quite readily with the evolution of H‘“ 
Mercury fiTTiot attacked bv watemor steam Pure””zrho-does not react with dilute^ 
n on-oxidisine acids (HQ or H 2 SO 4 ), but thi > ""r | u.‘ 1 h; i^J. 

f pinnng Us 2+ 10 n s and liberating hydroger M.'ic ' no. 4 UiKi.etj__b;_v_ ~u~e To 1- 

oxidismg acids Both zinc and mercury react wi th hot, concentrated H?SQ 4 to form 
th e corresponding sulphat es The reaction of Zn and Hg with nitric acid depends 
upon the tempeiStuie and the concentration of the acid Dilute, warm nitric aci d 
li berates -mtrie-exi de on reaction with Z n and He whereas hot, concentrated HNO, 
gi ves out nitrogen dioxide. . 

Zinc reacts with hot sodium hydroxide solution and forms the soluble zincate 


ion, [ Zn(OH)T~] in solution,_ Mercury remains unaffected by alkalies 
Zn + 20H~ + 2H:0-- [Zn(OH)4~] + H 2 - 


15 3 3 Compounds of Zinc and Mercury 

Oxides 

Zinc oxid e. ZnO. is ob tained by burning zinc metal m air or by heating the 
caibonate or_thfijiitxate.— 

Zinc oxide is a '< 1 ■. j. ..V ... m - - „T h ■■ ! „v.‘. i ; j The coloujyd j.sappears 

on cooling It s i.» ._; K i > -m:: . ,'i.'i_acids_aiiilTorms the 

corresponding salts With alkalies, it forms zincates, [Zn(OH)4 2 ]. 

ZnO + 2NaOH + H 2 0-- Na 2 [Zn(OH) 4 ] 

Zinc oxide is reduced to met allic z inc whe n heated w ith carbon or hydrogen It is 
used as white paint It is not blackened in hydrogen sulphide It is~use3~as' zinc 
ointment in medicine, as a glaze in ceramics and as a filler in the rubber industry It 
is also used as a catalyst with ch iomic oxide i n the synthesis of rndthyTalcohol from 
water gas (CO + H 2 ) and hydrogen X, )) 2 ^ 

Mercuiy (II) oxicle 

It is obtained as a led solid‘by heating mercury in excess air for a long time at 623K 
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or by heating HgCNCh): alone or in the presence of Hg When sodium h ydro xide 
solution is added to a solution of mercury (II) chloride, the yellow precipitate of 
HgO is obtained 


HgCl 2 + 2 NaOH 


HgO + 2NaCl+H 2 0 


’ HgO arises because of diffeiences 
as a pigment in oil paints. Ij^ js 


The differ 

in panicle ' ‘ _■ 

also used as a mild antiseptic in ointments, S' 

. V 

Zinc (II) chloride 

A solution of zinc (II) chloridy is obtained when Zn metal. Z nO 01 ZnCOi is trea ted 
w ith dilute E C1 Crystals of/the zi nc chloride dihvdrate, ZnCl 2 2H 2 Q are obtained 
o n evaporating th &-Sfllutior/ On further heating, anhydrous Z5 £h is obtained Zinc 
chloride is very d _eliquesclnt an d highly soluble in water It readily dissolves in 
organic solvents It is use d as a Flux' m soldering a nd as a ti mber preservat ive It is 
also used in the preparation of vul qflmsed paper or fibre (used for making fibre 
boards) 


Mercury (II) chloride 

It is formed rapidly when chlorine is brought into contact with Hg Commercially, it 
is ptepared by heating a mixture of mercury (II) sulphate and sodium chloride jind a 
small amount of manganese oxTdc~whTch "oxidises any Hg(I) "salt formed during the 
reaction --— “ 


HgSO-t + 2NaCL ■ 


HgCh + Na:S0 4 


It is a white crystalline solid, sparingly soluble jo ypH mater 


_ but,. soluble in hot 

waterrTt' is"readily soluble in oiganic solvents, such as ethanol and ether (suggesting 
its covalent naluie) Mertuiy (II) chloride is reduced to~mi 
then to Hg when a tin tin rMcuudi^nlntinn is added to mercury (II) chloride 

Merc ery (II ) chloiide is poisonous^ Its best a ntido te is die white of an egg which 
gives an alternative protun material'lbi it to act upon A very" dilute solution of 
mercUry (II) chlonde is sometimes used ut a n antiseptic (foi sterilising the hands). 

Mercury (II) iodide 

It precipitates as a yel'ow aolirl which rapidly turns led w hen a reqnisite -ammwit of 

potassium iodide solution is added to a solution of mcrEuryTlI) chloride. 

— --—' . ■ ’■ ^>» 

Hi;" 1 21-HgH-Hgb 

H ed Yellow 

above 400 K 

high ~—ee Hgb 

n , below 400 K „ 

Red \ cllow 


Mercury (II) iodide readily dissolves m an excess ol potassnlm iodide solution and 
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forms the (Hgl 4 ) 2 complex ion 

Hgl 2 + 2KI-* K 2 HgI 4 

An alkaline solution of K 2 HgI 4 is called Nessler’s r eagent which is used to test the 
presence of ammonia or ammonium ion It giv es a brown precipitate . 

^t-efcury (I) chloride 

It precipitates out as a white solid when solutions containing a mercury (I) salt and 
chloride 10 ns are mixed. 

Hg 2 (N0 3 ) 2 + 2NaCl-- Hg 2 Cl 2 + 2NaN0 3 

It can also be obtained by heating HgCl 2 and Hg in an iron vessel Mercury (I) 
chloride, Hg 2 Cl 2 thus obtained is purified by sublimation 

HgCl 2 + Hg-* Hg 2 Cl 2 

Mercury (I) chloride (called CALOMEL) is a white powder, insoluble in water It 
sublimes when tieaTEd 

Hg 2 Cl 2 -- HgCl 2 + Hg 


Sulphides of Zn and Hg 


Sulphides of zinc and meicury occur in nature as zinc blende and cinnabai 
respectively These are also obtained by passing H 2 S gas through solutions of Zn 2< 
and Hg 2+ Zinc sulphide is white is 

soluble On dilute HEM and so it is not precipitated by H 2 S in an acidic medium 
Mercury (II) sulphide is precipitated in an acidic medium. 


Sulphates —^ 

■-Zmc~”sulphate (ZnS0 4 ,7H 2 0), known as white vitriol, is prepared by treating 
metallic zinc, zinc oxide or zi nc carbonate (calamine) wit h dilute H 2 SQ 4 The 
solution thus obtained' is heated to crystallisation O n heati ng ZnSQj 7H 2 Q to 
373K. the six molecules of water of cry stallisation are lost an d at 723 K'lt beco mes 
anhydrous. On further heating, the anhydrous silFHecomposes. 


2ZnS0 4 


2ZnO +|2S0 2 


F o 2 


It is used to prepare l uhopone (BaSQ 4 + ZnS), a while pigment It is also used in 
gal vanising iron and stee l 

Mercury (II) sulphate is prepaied by treating mercuiy with concentrated H 2 S0 4 


Hg + 2 H 2 SO 4 


HgS0 4 + S0 2 + 2H 2 0 
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MERCURY POISONING AND POLLUTION 


Pollution of the environment by mercury is a cause of great concern 
because it can enter the blood stream, the digestive system, or the lungs. 

Mercury vapour is toxic but since its vapour pressure is low, only 
prolonged exposure is harmful. Some mercury compounds which are very 
volatile or soluble, are potential hazards for the human system. 

Fortunately, most of the mercury compounds are insoluble. Thus 
HgCh is used as a purgative while mercury amalgams are used for dental 
purposes. Cinnabar, the ore of mercury, is also insoluble and poses no 
problem. 

During eruption of volcanoes, mercury is dispersed in the atmosphere. 
Burning of coal also does the same. Although mercury is only about 1 ppm 
in coal, combustion of coal releases about 5000 tons of mercury into 
the atmosphere every year. In industries producing sodium hydroxide and 
chlorine by electrolysis, some mercury is Vegularly lost through waste 
products into river water where it is consumed by fish and finally by 
man. More than fifty people died some years ago due to mercury poison¬ 
ing by eating fish in Minimata, Japan, and many others were seriously 
affected. The poisoning also caused babies to be born with deformities 
and brain damage. 


It is a white, opaque mass which decomposes on heating to give mercury (I). 
sulphate. 


3HgSO,-- HgzSOi + Hg + 2S0 2 + 0 2 


Stffne important alloys of Zn are. 

(i) Brass (Cu - 70%, Zn - 30%), and 
Ni - 20%) 


(li) German silver (Cu - 60%, Zn - 30%, 


15.3.4 Uses of Zinc and Mercury 


Zinc being resistant to atmospheric coirosion on 
bas : - ? —v,---,*;, •- -j-j 

gah ' / ■ •:. 


account ’ ot the lormation of 
... 7', _ . .. used in 

% 


Mercury is us ed in the preparation of calomel wh ich is used to prepare a standard 
eteetfede. It is usecTin making the rmometers and hamm eters Mc rcuiv amalgams are 
use d, as dental filling espec i allV-With gold and silve r The amalgams are also used as 
catalysts in carrying out certain chemical reactions. 


r 
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15.4. TIN AND LEAD (Sn AND Pb) 

Tin and lead have been known tq^man_smce^tinae_..iinmemonal,-In-early days, these 
two metals were not always distinguished from each other They are at the bottom 
of group 14 in the periodc table. Some general properties of these metals are given 
in Table 15 6 


TABLE 15 6 

Some General Properties of Tin and Lead 


Element 

Atomic 


Electronic 

Atomic Ionic radius 

Density m p 

bp. 

Oxtdatioi 


Number 


conftguation 

radius 

M 1 ' 

A/ 4 * 


(K) 

■m 

States 





(pm) 

(pm) 

(pm) 

g cm' 3 




Tin tsn) 

50 

T 

[Kr]4d l0 5s 2 5p 2 

141 

112 

71 

7 29 

505 

2960 

+ 2,+ 4 

Lead (Pb) 

82 

ii 

[Xe]5d'°6s 2 6p 2 

151 


84 

11 34 

600 

2024 

+ 2,+ 4 


15 4 1 Occurrence and Extraction of Tin - 

Tin is extracted from its common ore,_CASSlTERlTE, SnOj^The crushed ore is 
washed with wafer to remove lighter impurities TH’eore is then roasted to remove 
arsenic"and sulphur-as volatile oxides. Ti n is obtained bv reducin g lt.-wi th..coal in a 
reverberatory furn ace Lim estone is added to nrod uce—a-slaii-with—t-heimnurnies 
which can be removed v 


Sn0 2 + 2C-- Sn + 2CO 


Crude tin so obtained is contaminated with iron and other metals It is, therefore, 
remelted on an inclined furnace The easily fusible tin melts away and the less 
fusible impurities are left behind Molten tin is finally stirred to bring it into contact 
with air In this process any remaining metal impurities are oxidised forming a scum 
which rises to the surface and is removed 


15 4 2 Occurrence and Extraction of Lead 


The principal ore of lead^B-rryLENA. PbS^ bften found in associat ion with zinc 
blende, ZnS Lead is also found as anglesite, PbSCL or CERUSSITE, PbCOTTln 
India, small quantities of lead ores are found at Paniori in Saw aLMadhopur- Jaipur 
and in C entral (n ear Udaipur) 

Galena is re -"'"- 1 --- * *■ ’- 1 - ’-- J - j '-.-j t -' ■' 


(PbSCL). Some 


lx 




unreacted PbS reacts with PbO and PhSO* to produce lead metal. 


•■kjui- wvw*l, mu 


3PbS + 50 2 -* 2PbO + PbS04 + S0 2 

^2'PbO + PbS-* 3Pb + S0 2 

.^Pb'SCb + PbS. —* 2Pb + 2S0 2 
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In another method, the mixed sulphides (PbS and ZnS) are roasted to obtain 
oxides The mixed oxides aie fed into a blast furnace with coke These oxides aie 
then reduced to their respective metals 

PbO + C-- Pb+ CO 

ZnO + C-* Zn + CO 

Molten lead is tapped from the bottom of the furnace, Zinc vapour which comes 
out from the top of the furnace is condensed Zinc_being less dense than lead, forms 
the upperJayer and can be removed 

Crude lead is fuither punfied by removing copper, silver, gold, antimony and 
arsenic with the aid of suitable methods 

15 4 3. Properties of Tin and Lead 

T,t n is a soft silvery white metal It is ductile and can be rolled into thin sheets (tin 
foils) 0l'cTiha'iy’whitc~tin iij n ot attacked by air or"water at ordinary’temperatuies; 
on heati ng in ai r it forms tin oxide,"SnOY ~ " ”” 

Lead, when exposed to air, is a bluish-grey and lustrous-metal ■ but soon gets 
covered with a thin layer of "lead hydroxide, Pb(OH) 2 , and lead carbonate, PbC0 3 
and acquires a dull appearance Lead can be rolled and shaped into pipes 
Some of the important reactions of tin and lead are given below: 


Sn0 2 SnCL 


SnSi 


Sn 


Hydrated SnC >2 



^Dilute HC1 has little effect on lead. Hot concentrated alkalies react with tin to form 
the stannate ion. LeadJocms-nhim hate ton in which lea d is divalent 

Sn + 20H + H’O-- SnOC' + 2H; 

Pb + 20fC-- PbOg' + H 2 

15.4.4 Uses of fin and Lead 

(i) Tinj s widely ustid-jnmlating non to ,i e.sist.corrosion Tin plating is done 
bv electi olytic deposition of tin on an iron article to be plated (cathode) 
using acidified tin su 1 phate/SriS0 4 ,liYlhe electrolyte. 

■'(ii) Tin foils are used for making food containers, 
flit) Several important alloys contain tin 
Lea'd is mainly used 

(i) - to make cable coverings-, 

(ii) to make bullets, shots and lead accumulators,- 

(iii) to make pigments such as red lead white lead, chrome yellow and 
chrome red; 

(iv) to prepare lead tetraethyl, (CTH-bPb, which is used as an addnive to 
..-''petrol to_pjevej)t ‘knpeking’. 
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Some Important Alloys of Sn and Pb 


Alloy 

Percentage composition 

Uses 

Soft solder 

Pb- 50, Sn - 50 

Soldering 

Type melal 

Pb- 70, Sb- 20, Sn - 10 

Printing type 

Pewter 

Pb- 20, Sn- 80 

Making ulensils 


15 4 5. Compounds of Tin and Lead 

Tin and lead form bo th divalent, Sn (II) and l ead (Ilf and t e trava lent, tin .(IV) and 
lead JIVL compound s 

Lead (II) compounds are more stable than lead (IV) compounds. Tetravalent 
compounds of these elements are gener ally covalent whereas many of the div alent 
compounds are essentially ionic 


Oxides 

Tin (IV) oxide (stannic oxide) occurs naturally as cassiterite, Sn0 2 It may be 
obtained by heating the element in oxygen or by treating it with concentrated 
HNOi 

Tin (IV) oxide is ap amphoteric oxide-It reacts with-Concentrated sulphuric acid 
to foini tin (IV) sulphate It may be fused with sodium hydroxide to give sodium 
s tanna te 

Sn0 2 + 2H 2 S0 4 -* Sn(S0 4 ) 2 + 2H z O 

Sn0 2 + 2NaOH-* Na 2 Sn0 3 + H 2 0 

Tin (IV) oxide finds use asjLpojishmg.powdej > and m glassumd-pottexy. manufacture 
Tin (II) oxide, SnO, is obtained by heating tin (II) oxalate 

SnC 2 0 4 -——- SnO _f|co}f C0 2 

v _Jh€^)resence of CO pievents the oxidation of SnO to Sn0 2 It is a black solid and 
amphoteuc in nature. 

SnO + 2H + -* Sn Jt + H 2 0 

SnO + 20H~-• Sn0 2 2 " + H 2 0 

Lead (IV) oxide, PbO:, is formed by tieating tri lead tetraoxide, PbtQi, with 
dilute HNOi ~" 

PbiOr + 4HNOi : -2Pb(N0 3 )i +PbO:+ 2H;0 

Tri lead tetraoxide,Pln0 4 behaves as a mixture of _Pb0 2 and PbO. It is a brown 

solid It is a powerful < ■ 1 _■_■ • ' _"■ ~ ^ 

Lead (IV) oxide, PbO;, cumumca viguiuusiy mm bu 2 tu iouii imu \n) sulphat e It , 
also liberates Cl 2 fiom concentrated HC1 when warmed 
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Pb0 2 + SOi-— PbS0 4 

Pb0 2 + 4HC1-- PbCh + Ch 

Like Sn0 2 , lead (IV) oxide is amphoteric . It reacts with HCl to for m lead QV) 
chloride which readily d ecomposes to le ad (II) chloride and Ch It also reacts with 

alkalies to give plum'b'irtes Q^Z). r J 3 bQ.C . Lead (I V) oxidc-i s-tracd_ in leap 

b atteries (accumlators) ^ 

Lead (II) oxide, PbO, exists in red and yellow forms. It can be made by heating 
le ad (II) carbonate an d leacL(Jl)_nilrate, 

Trilead tetraoxide; Pb 2 0 4 , can be prepared by heating lead (II) oxide in air at 673K. 

6 PbO + O 2 y ■ - V 2 Pb 3 0< 

JDnjjjrfher heating, Pb 2 0 4 decomposes at 773 K into lead (II) oxide and oxygen 
Sulphides 

T in (II) suL pIiide_and lead (II) sulphide aie -p£ecipitated-when ..H?!s _is. passed through 
a solution of thCir salt s. Tin (II) sulphide, SnS^is. a dark brown solid and PbS is a 
black solid. Tin (II) sulphide is soluble in a solution of a mmonium polysulphid e, 
(NH 4 ) 2 S,, whereas PbS is insoluble 


Halides 

Tin (II) fluoride, SnF 2 , is prepaied by dissolving SnQ in hydrofluoric aci d, HE It is 
used as an ingredient in toothpastes to decrea se denta l decay, i iri (IT) chloride, 
SnCl 2 , is formed"by dTisolviiig tin in concentrated HCl On cooling, crystals of tin 
(II) chloride dihydrate, SnCl 2 , 2H 2 0, separate out Anhydrous SnCl 2 is prepared by 
heating tin in a cuirent of HCl vapour. 

Tin (IV) chloride, S11CI4, is made by passing Cl 2 over the metal It is a colourless 
liquid which fumes in moist air due to hydrolysis 

__"'SnCl 4 + 2H 2 0-* Sn0 2 + 4HC1 

Tin (I V) chloride is covalent, simil ar to CCh_ _and _is soluble in organic solven ts 
Although it is hydrolysed by water , a-defimte hydrate (SnCLSHjO) can be isolated 
from hydrochloric acid solution With an excess of HCl, SnCI 4 forms hexachlo- 
rostannic acid 

SnCI 4 + 2HC1-* ITSnCL 

Tin ( II) chlor ide. SnCh. which is more stable than SrtCL.is a jiowerful reducing 
agent It reduces mercury (II) chloride, first to white insoluble mercury (1) chloride 
and then to mercury 

2HgCh+ SnCh-* HgCl 2 + SnCl 4 

Hg:Ch+ SnCh-► 2Hg+ SnCl 4 

It also reduces iron (III) salts to the iron (11) state 

2Fe 1+ + Sn 2+ -* Sn 4+ + 2Fe 2+ 
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This reaction provides a method for estimating non (Ill), the Fe(Il) formed is 
titrated with a potassium permangante solution 

Lead forms lead tetrafluoride, PbF 4 , and lead tetrachloride, PbCU Lead tetra- 
fluoride is an io nic solid whereas Pb CL is a co valent liquid Lead tetrachloride, 
PbCU, is formedwben Pb02 is dissolved in concentrated~HCfat 273 K It is rapidly 
hydrolysed by water ' ---- 

\-^PbCU+ 2H 2 0-* Pb0 2 + 4HC1 

Ljead ( II) halides are stable PbCU, in fact, decomposes to PhCh_ a nd Cl ? j^ead 
(II) htUTcfesTire sparingly soluHeTolids and are easily prepared by adding halide ions 
to a soluble lead (II) salt 

Pb 2+ +2X“-- PbX 2 , (X = F, Cl, Br or I) 

The i onic character of these ha lides decreases as the a tomic numbe r of the halogen 
increases All the halides, except Pbl 2 which is yellow in colou r', lire wfrite solids ” 
f The formation of PbCU ancT Fb.b. ser ves~as~a .tes L fo'r~Pi?^ in qualitative analysis. 
B oth are m ore s oluble in hot water t han in cold On cooling, they separate out in 
crystallrnelorrm 


EXERCISES 


15.1 How are the three different forms of iron—pig iron,wrought iron and steel different 
from each other 7 

15 2 Hilellv discuss the chemical reactions which occur in a blast furnace during the extraction 
of iron from haematite 

15 3 How is pure copper extracted from copper pyrites'* List two physical properties and two 
uses of copper 

15 4 How is copper sulphate pentahydrate obtained'* What is the effect of heat on it 7 

15.5 For copper describe briefly 

(i) how you would prepare a compound of the metal in its lowest, oxidation state, 

(n) how you would prepare a compound of the metal in its highest oxidation state; 

(lii) one use of the salt described in 00 

15 6 Describe briefly how a sample of copper (I) chloride may be prepared. Explain the 
disproportionation reaction of Cu (I) ion 

15.7 How are silver halides prepared 1 * How would you test the presence of these halide ions 
with ammonia solution'* Describe briefly the use of AgBr in photography 

\T5r8' How and under what conditions does copper react with HNO3 and H 2 SO 4 ? Describe 
the piepai ation of copper (II) chloride dihydrate 

15.9 Give an account of the extraction of silver by the cyanide process Describe briefly how^ 
a pure sample of silver is obtained electroanalytically 
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15.10 What do you mean by noble metals i Name the noble metals which you know List 
two physical and chemical properties of copper, silver and gold Write down the uses of 
some important alloys of copper 

15.11 Give a brief account of the extraction and properties of zinc How are zinc (11) chloride 
and zinc (II) sulphate prepared. Mention the important properties and us - es of these two 
compounds 

15.12 Give an account of the occurrence, extraction and purification of mercury. Describe the 
reactions which occur when an aqueous solution of mercury (II) chloride is treated with, 

(0 an aqueous solution of potassium iodide, 

(u) an aqueous solution of tin (II) chloride, 

(ill) copper, 

(iv) an aqueous solution of sodium hydroxide. 

What peculiar behaviour does mercury have? 

15 13 How is lead extracted from galena ore Write equations for the reactions which occur 
during the process of extraction 

15 14 List two physical and two chemical properties of tin and lead 

15 15 Mention two alloys of lead and tin and their uses 

15,16 Write down the reaction in parting between Ag and HzS0 4 as well as Ag and IlNOj 



UNIT 16 


STRUCTURE AND SHAPE(S) OF HYDROCARBONS 


Nature is left handed. Molecules can 
be both left-and right-handed. 


OBJECTIVES 

In this Unit, we shall learn 

* the classification of hydrocarbons into: (i) alkanes (ii) alkenes, 
(m) alkynes, and (iv) arenes, 

* the structural features of different types of hydrocarbons, 

* different types of isomerism like structural isomerism, conformational 
isomerism and stereoisomerism 
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The SIMPLEST organic compounds are hydrocarbons, containing carbon and 
hydrogen only. In nature, hydrocarbons occur chiefly in coal, natural gas and 
petroleum. All organic compounds can be thought of as derived from hydrocarbons, 
obtained by substituting hydrogen with an appropriate functional group (see Unit 7 
for a discussion of functional groups). Based upon their structure and chemical 
reactivity, hydrocarbons can be broadly classfied into four types: (i) alkanes,( 11 ) 
alkenes, (iii) alkynes,and (iv) arenes^ This classification is based upon the nature of 
bonds" betweenCarbon atoms. An alkane contains only carbon-carbon single bonds, 
( an alkene has at least ope carbori-c'arboh double bond and an alkyne at least one 
t carbon-carbon triple bond. Arenes have special structural features which will be 
L discussed uTdetmTlafeFin this Unit. Alkanes are also known as saturated hydro¬ 
carbons as they have only carbon-carbon single bonds Alkenes, alkynes and arenes 
are collectively called unsaturated hydrocarbons as they have at least one carbon- 
carbon multiple (or unsaturated) bond. While the first three types can be either 
acyclic or cyclic, all arenes are cyclic compounds. • 

16.1 ALKANES 


Alkanes or saturated hydrocarbons are also known as paraffins (from Latin, meaning 
, little affinity or reactivity). The general formula of an acyclic alkane is C n H 2 n+ 2 . 
Cycloalkanes can be represented by the general formula C„H 2 n (if they are mono¬ 
cyclic) or C»Ha n -2 (if they are bicyclic) and so on. Alkanes contain only carbon- 
^ carbon single bonds and carbon-hydrogen bonds. The formation of only single 
^(bonds requires that each carbon.in an alkane be sp % hybridised. As a carbon atom is 
' tetravaleht, and in an alkane also, sp^ hybridised, the four bonds that it forms are 
directed towards the four corners of a tetrahedron Using the simplest alkane, 
methane (CH«), as an example, jt can be seen that the carbon atom is located in the 
middle of a tetrahedron The four hydrogens are at the four corners or vertices of 
the tetrahedron. Each face of the tetrahedron is ^equilateral triangle and has three 
hydrogen atoms. All this is shown fn Fig 16,1, (a). For convenience, methane is 
usually represented as in Fig 16,1 (b) or Fig 16.1 (c) In figure 16.1 (b), the thick, 
heavy line indicates a C-H bond projecting towards the reader, the normal line, a 



; 


Fig 16,1 Spalml formula of methafie 
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C-H bond in the plane of the page, and the two dotted lines, C-H bonds, projecting 
behind the plane of the page. Fig 16.1 (c) shows the two dimensional representation 
of methane It does not bring out the tetrahedral geometry of methane. For most 
purposes, strutures as in Fig 16 1 (c) will be used as they are easy to draw However, 
it must always be remembered that the structure shown in figure 16.1 (c) is a 
simplification of the real structure given in figure 16 I (b). In a similar way, ethane 
(CiHfOand propane (C 3 Hs) can be depicted as follows: 

H H H H H 

II III 

H—C —C—H or CH 3 — CH 3 H-C-C-C-H or CH 3 — CH 2 — CH 3 

II III 

H H H H H 

ethane , propane 

A further abbreviation is possible by writing ethane as CH 3 —CH 3 and propane as 

ch 3 -ch 2 -ch 3 . 

16.1.1 Structural Isomerism 

The next hydrocarbon, C 4 H 10 , can have two different structures. This is because the 
fourth carbon can be added to propane at either of the two end carbons or to the ' 
middle carbon as shown below. 

C-C-C + [c]- -c-c —C—[c]or[c]-C-C —C and C-C-C 

[cl 


butane 

2 -methylpropane 

As the two compounds are different but have the same structural formula, 
butane and 2-methylpropane (iso-butane) are called stjjintutaJLiSQ,lB£CS In a similar 
way, it can be seen that C 3 H 12 has three possible structural isomers With increase in 

1 ° 2 ° 2 ° 
CH 3 -CH 2 -CH 2 -CH 2 -CH 3 

1° 3° 2° 

ch 3 —ch-ch 2 -ch 3 

l 

ch 3 

ch 3 

4°l 1 

ch 3 -c-ch 3 


ch 3 

pentane 

2 -methyl butane 

2 , 2 -dimethylpropane 


the number of carbon atoms the number of structural isomers possible for a giyen 
molecular formula also increases, For example, CmH 3 2 has 75 structurally isomeric 
forms. ' " * ' 

The carbon atoms present in a compound are classified according to the number 
of carbons to which they are directly connected If a carbon atom is bonded to only 
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one other carbon or to none, it is called a primary carbon (denoted by 1°) 
Similarly, a secondary carbon (2°), is bonded to two carbons, a tertiary (3°) to three 
and a quaternary (4°) to four 

16 1 2 Conformation in Hydrocarbons 

The carbon-carbon single bond in ethane is a a bond and has cylindrical symmetry 
about the internuclear axis It is thus possible to rotate one methyl group of ethane 
about the carbon-carbon bond keeping the other fixed, without affecting the a bond 
The different structures which can be produced by this rotation are called CQN- 
FORMERS The molecular geometry corresponding to a conformer is known as confor- 
* malion''Although an infinite number of conformations are possible for ethane, only 
two are important and are shown in figure 16.2. In the eclipsed conformation, all 



Fig. 16.2 Eclipsed and swgt’eied conloimillions of ethane 


the C-H bonds of one methyl group are aligned with those of the second and in the 
staggered form the two methyl groups are rotated as far away as possible from one 
another The staggered conformer is more stable than the eclipsed conformer by 
about 12.6 kJ mol" 1 As this energy difference is small, there is no effective energy 
barrier to rotation about a a bond. Another way of expressing this is to say that 
there is ‘free rotation’ about a a bond. *At room temperature, the eclipsed and 
staggered forms of ethane interconvert rapidly and cannot be isolated as separate 
conformers. r 

Conformers are usually represented using either the Sawhorse projection or the 
Newman projection. Of the two, the NeWman projection is easier to draw and 
visualise To convert a conformer from a sawhorse or structural form to the 
Newman form, the following procedure is adopted The two carbons forming the a 
bond are represented by two circles, one behind the other, so that only the front 
carbon is seen The Hydrogen atoms attached to the front carbon are depicted by 
C-H bonds from the centre of the circle. The C-H bonds of the back carbon are 
diawn hom the circumference of the circle, 
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Conformational isomerism is possible in ring systems as well. While cyclopr¬ 
opane and cyclopentane have planar and almost planar carbon networks, respectively, 
cyclopentane and cyclohexane do not have all the carbons coplanar. Compared to 
the normal bond angle of 109° 28' for an sp 3 hybridised carbon, cyclopropane has a 
CCC angle of 60°, making the molecule very strained and reactive. Cyclobutane, 
with an angle of 90°, is less strained than cyclopropane. In cyclopentane, the angle 
of 108° (that of a regular pentagon) is close to the tetrahedral angle of 109° 28'and 
the molecule has an almost planar conformation Cyclohexane avoids this strain by 
assuming conformations in which the bond angles are all close to 109° 28' and is 
therefore quite stable and unreactive. The two most important conformations for 
cyclohexane are the chair and the boat forms shown in'Fig 16 3 



Fig. 16 3 Chair and boa l conformal ions of cyclohexane 


Of the two, the chair form is more stable than the boat form, the energy difference 
being about 44 kJ mol” 1 This is because in the boat form, many hydrogens on 
adjacent carbons correspond to the unfavourable eclipsed conformation of ethane. 
Also, the two hydrogens marked Ha in the boat form in Fig 16 3 are quite close and 
repel one another. On the other hand, the chan form does not have these unfavour¬ 
able interactions and the hydrogens all correspond to the more stable staggered con¬ 
formation of ethane. 


16 2 STEREOISOMERISM AND CHIRALITY 

fu addition to the two types of isomensm discussed^earlier (strucluial and conforma¬ 
tional), alkanes also exhibit isomerism due to different spatial arrangements of 
I atoms or groups m a molecule .S uch an isomeristri is k nown as MC REOISOMERISM 
/ (steieo means ‘space’ in Greek) and is of two types’ (7) optical isomerism7^mi3~ttft 
/ geometrical isomerism, Geometrical isomerism will be discussed in detail in section 
16 3* ' ' 

An object which is nou-superimposable on its minor image is said to bd ^HiRA f) 
Common, everyday examples are a pair of hands, a pair of shoes, a pair of gloves 
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and some of the letters of the alphabet like 
P, F and J. The word ‘chiral’ is derived 
from the Greek word for hand and the 
property of being chiral is known as 
chirality Achiral objects are those which 
are superimposable on their mirror 
images Examples include a sphere, a chair 
and alphabets like A, O and M A chiral 
and achiral example is illustrated in 
Fig. 16,4 Any object which is non-super- 
imposable on its mirror image and hence 
y chiral^is- also known as a disymmetric 
j object. 

Many organic compounds are 
disymmetric. First, the reasons why they are 
disymmetric have to be understood. Secondly, since individual molecules of organic 
compounds cannot be directly seen, a method is necessary to find out those com¬ 
pounds which are disymmetric. 

6.2.1 Origin of Chirality 

Van’t Hoff and LeBei showed in 1873 that the origin of disymmetry in carbon 
compounds is due to the tetrahedral nature of carbon. They considered various 
possibilities and concluded that all the experimental results available at that time 
could be explained by assuming that a saturated carbon forms four bonds directed 
towards the corners of a tetrahedron Using methane and its derivatives as examples, 
it can be easily seen that disymmetry is possible only if four different atoms or 
groups are attached to the carbon atom. Such a carbon is known as an asymmetric 
carbon. A molecule like fluorochiorobromomethane is chiral and disymmetric. It 
cannot be superimposed on its mirror image as shown in Fig, 16,5. As the spatial 


Q achiral 


CJ , chiral 

mirror plane 

Fig. 16.4 Chiral and achiral objects 



Fig 16,5 Enantiomeric forms of fluorochtorobromo methane 


arrangements of atoms in the object and its mirror image are different, they are 
isomeric compounds Such an i somerism is_known as stereoisomerism. Ster^oisonjgrs 
which are related__to one'anotKeT ~-T"nn rbccl a \ J l- ■■■l-'-. iv 7h7\."'V'' ■ ... n 
image are TeTmed enantiomers ".imlo: i.-i^ v„ ,'cpin. I ^ p-,\ i 

melting or boiling point, density and refractive index. They differ from one another 
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in their behaviour towards plane polarised light. This difference is used to determine 
whelther or not a compound is disymmetric. 

16.2.2 Optical Rotation 

Ordinary light is made up of light waves of different wavelengths. By using a prism 
or diffraction grating, light of a single wavelength, known as monochromatic light, 
can be obtained. Under ordinary conditions, light waves oscillate in a number of 
planes passing through the line of propagation However, if the light waves pass 
through a Nicol prism, then all the oscillations occur only in one plane. Such a 
beam of light is called PLANE POLARISED LIGHT. When monochromatic, plane polarised 
■ light passes through a disymmetric compound, the plane of polarisation is changed, 
or ‘rotated’. In the case of enantiomers, the plane of polarisation is rotated in equal 
amounts but-m opposite directions. As disymmetric molecules have the ability to 
change an optical property (plane of polarisation), they are,, said to,, beyjptically 
active. This kind of stereoisomerism is therefore known a^,optical isomerfsm> Fig 
lTlHilustrates the phenomenon of optical rotation. The instrument usecf'to measure 
optical rotation is known as a polarimeter 


U 

'l 


monochromatic Nicol plane ot disymmetric 

light source with prism polarised light compound 

ditterent planes 
of vibration 

Fig 16.6 Schemata illustration of optical rotation 



‘rotated’ plane 
polarised light 



The enantiomer which rotates the plane of polarisation to the right is called 
d extrorotatory .an cLis .conventionally given, a,.positive sign, its mirror image, which 
ro fates the plane, to. the Jeft is termed .levprflJ^ojyjyg4Jfi. l , riesi g aa te t1 l . hy .j a . ne gative 
si gn. Dextro-and Ievo-isomers are denoted by the letters d- and 1-, respectively. The 
d- and 1- forms of2-Tut an oh are shown lnTTg 16 7 


CH 3 CH?^ 


1 H 



OH 


d-2-butanol 




CH 3 CHj 


t-2-butanol 


Fig. 16.7 Enantiomeric forms of 2-butanol 
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Enantiomers display identical chemical reactivity in reactions in which all other 
conditions are achiral However, they show dilfeient chemical reactivity if even one of 
the other reaction conditions in chiral. This difleience in the reactivity of enantiomers 
is of great importance in biochemistry and much of the chemistry taking place in our 
body involves such piocesses, 

16 2 3 Racemic Mixture 

A mixture containing equal amounts of two enantiomers does not show any optical 
activity This is because the two enantiomers present in the mixture have equal but 
i7;opposite rotations apd cancel out one another Such a mixture is known as a 
^racemic., mixture .and is denoted by dl or (±) Therefore, the absence oi optical 
i act?vfty does not mean that the compound i§ achiral. Thus, for example, if 2- 
butanone is reduced to 2-butanol under normal conditions, the d- and 1- forms of 
2-butanol will be formed in equal amounts, giving a racemic mixture with no optical 
rotation. However, the same reaction, if- done under special conditions can give 
either the d- or the 1-isomer, depending upon the reaction. 


OH 

I 

CHiCHCH 2 CHi 


c Arehiral v 
condition* 


O 

I! 

CHiCCHiCHi 


chiral ^ 
condition 


OH 

I 

CH^HCHuCHj 


Equal amounts d- or 1-isomer 

of d- and 1-isomers. 


Racemic mixture 


Asymmetric synthesis 


The product of such a reaction will show optical rotation A reaction in which one 
enantiomer is preferentially formed is known as asymmetric synthesis Most of the 
reactions occurring in biological systems belong to this category. It is possible to 
separate a racemic mixture into d- and^-enantiomers by suitable methods. This 
process of separation is known as resolutiort 

16.3 ALKENES 

Alkenes a-e 'wdr.-ca’ivm'. .i ^aiboii-caibo:) double bond Acyclic alkenes 

with one -h .hie io-i,: .w o the go non C, IL„ ’hey have two less 

hydrogens than the corresponding alkanes, alkenes are also known as unsaturated 
hydrocarbons, along with alkyhes'and'aremes An older name for alkenes, still in 
use, is ‘olefins’, meaning oil forming. 

“The presence of a carbon-carbon double bond in an alkene confers on it certain 
structural features which are absent in the corresponding alkane A careful look at 
the structure of ethene, the simplest olefin, brings this out clearly. Each of the two 
carbons of ethene is sp 2 hybridised and forms three a bonds, two with two hydrogens 
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and the third with one another. They are all 
in the same plane The tt bond between the 
two carbons is perpendicular to this plane, 
as shown in Fig. 16.8, and is present both 
above and below the plane. Therefore, a 
carbon-carbon double bond comprises two 
different kinds of bonds, a o bond and a 77- 
bond. A o bond has a symmetry axis along 
the C-C bond, but a n bond lacks this 
symmetry. However, the 7r bond is bisected 
by the plane containing the sp 2 carbons and the atoms or groups attached to them. 

A 7t bond_ is not^as strong as a a bond Thus, for example,, the bond energies of a 
carbon-carbon,single bend ’(<7 “bond) and a carbon-carbon d 0 uble"Bond (a bond plus' 
a Tr bond) are 347 and 598 kJ mof 1 , respectively. However, the 7 r bond is sufficiently 
strong to prevent free rotation of the two carbons with respect to one another, 
which form the tt bond. As an example, H a and Hb in figure 16.8 cannot exchange 
places just by rotation of Ci with respect to C 2 without breaking the 7r bond This 
restricted rotation about a n bond gives rise to geometrical isomerism. 


Fig 16 8 The 7 r bond in ethene 


16 3 1 Isomerism in Alkenes 


The simplest acyclic alkene which can exhibit isomerism is butene, CUHg We have 
shown the possible isomers of CiH a here 


CH 2 =CHCH 2 CH 3 

1-Butene 


CH 3 CH=CHCH 3 

2-Butene 


ch 3 c ch 3 

II 

CH 2 

2-Methylpropene 



Trans- 2-butene Cis-2-butene 

The three isomers are all structural isomers Experimentally, however, two isomers 
of ^Butene ale" known',' havihg'drffefent~p”Eysical properties They are the geometrical 
isomers;, tflm-2-butene (t rans: o pposite s ide] and m-2-b utene*5 (as: same side), 
respectively Geometrical isomers are those which cannot be converted to one 
another due to the absence of free rotation about a double bond For geometrical 
isomerism to exist, the following condition should be satisfied’ 
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a 

\_/ 
/ \ 


Where a and b are different substituents. 

Geometrical isomers are also stereoisomers, as they differ from one another in the 
way in which the atoms are arranged in space. They differ from optical isomers in 
that they are not chiral. 

Geometrical isomerism plays a very important part in the chemistry of vision. 
Indeed, the first step in the visual process involves the conversion of the one 
geometrical isomer into another under the influence of light. Geometrical isomerism 
is also possible in disubstituted cycloalkanes, but that will not be discussed here. 

16.4 ALKYNES 

Acylic alkynes or acetylenes conform to the general formula CaHjn-i. As the formula 
itself implies, they are also unsaturated hydrocarbons. Alkynes have a carbon- 
carbon triple bond. The two carbons constituting the triple bond m ethyne (C 2 H 2 ) are 
sp hybridised and form two a bonds, one with a hydrogen and the second with one 
another. As shown in Fig. 16.9, the a bonds are all collinear. Two v bonds, mutually 



perpendicular to one another, along with the a bond, together constitute the triple 
bond. Unlike the single and double bonds, the triple bond by itself does not give rise 
to any isomerism. 

16.5 ARENES 

Arenes or aromatic compounds constitute a unique class of unsaturated hydro¬ 
carbons. All arenes are cydie-CQmpounds. Monocyclic arenes like benzene (CsH«) 
havg .the-general formul a CnH^ t^bicy clic aren es like naphthalene. (G 10 H&). conform 
to (CnHan-i^ahd'Th genera^an arene with m rings has the formula C n H 2 „-6m. "> 
Although the nToleculaf formulae' indicate that arenes are quite unsaturated, in most 
chemical reactions arenes bcfune \ciy differently from alkenes and aikynes. The 
structures of some simple arenes' are given in Fig.T6.10. 
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benzene naphthalene anthracene 

Fig. 16.10 Some simple arenes 

16.5 1 Structure of Benzene 

Elucidation of the structure of the simplest arene,benzene, was one of the the major 
achievements in the development of chemistry in the nineteenth century Although 
the molecular formula of benzene was known as C6H S , no satisfactory structure was 
proposed till Kekuie' in 1865 gave his now famous ring structure The dream m 
which Kekuie' first came up with this structure is perhaps one of the most important 
dreams in the history of science Kekule’s structure of benzene is not without 
disadvantages. It predicts, for example, that benzene should behave like an alkene 
and also that it should have alternate single and double bonds, with different bond 
lengths. Finally, two isomers should result'in a 1,2 disubstituted benzene as shown 
in Fig 16 11. While Kekuie could not explain the difference in properties between 
benzene and alkenes based on his structure, 
he tried to account for the lack of isomers 

in Fig. 16.11 by postulating a rapid inter- Cl Cl 

change in the position of the double bonds 
The proof of the basic correctness of 
Kekule’s structures, however, became 
possible after the advent of modern 
theories of chemical bonding. 

By employing X-ray diffraction, it !«•» Kekuie'corners ofl. 2-d,chlorobenzene 

could be established that the structure of 

benzene was a regular hexagon with an angle of 120° and a carbon-carbon bond 
distance of 139 pm (0T39 mu) This is mrei mediate lo that of carbon-carbon single 
itewbon-caibon aiiutdLbiind^LU puu. Mic^rbmis oj^cjzgne 
are assumed to be ^hybridised, as suggested by the bond angle of 120 , Three a 
bonds' *’vr> with the nc ghbo.’-.nc carbons and one with a hydro gen, are formed, bv 
each c.ubou, all in ilie same plane The sis unhyBnHTsed rr orbitals (one from each 
carbon) together have six electrons and are perpendicular to thepfane.of_.thp o 
bonds. All the six 7r-orbitals together form a m bond above and below the plane of 
the carbon'skeleton, accommodating all the six electrons. Such a ij- bond, which is 
spread oVer more than two~carbort atoms, is referred to as a delocalised 7r bon3”and 
is represented by a circle within the hexagon by the six carbons of benzene (Fig. 
16.12) “ ‘ " 
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A 




->■ 




B 


Fig, 16,12 Strianne <>! benzene 


This delocalised structure of benzene accounts for the X-ray and the absence of the 
type of isomerism shown in Fig. 16 11. Furthermore, molecular orbital theory 
predicts that those cyclic molecules which have alternate single and double bonds 
with 4n+2 (n = 0, 1, 2, 3, etc ) electrons in the delocalised m-bond are particularly 
stable and have chemical properties different from other unsaturated hydrocarbons. 
The delocalisation of n electrons in benzene takes place in a similar way. 


AUGUST KEKULE 


Kekule Von Stradonitz Friedrich 
August, a Geiman chemist was born .u ; 
Darmstadt, Germany, on ~ September ' 
1829 He became a Frofessoi at the age \ 
of 27 (1856) and a Fellow ol the Royal j 
Society in 1875 He made a major ■ 
contribution to organic chemistry by | 
developing structural theories. He 
proposed the chain foimation in the 
aliphatic series. Without any access to 
modern physical techniques lor mea¬ 
suring molecular characteristics, Kekule 
postulated in 1865, two chief structures 
of benzene molecule having alternate 
single and double carbon-carbon bonds. 



The discovery of the structure of benzene by Kekule was based on a 
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dream. Here is what Kekule had to say about his dream. 

. ..again the atoms gambolled before my eyes, but this time the small groups 
kept demurely in the background. My mind’s eye, sharpened by many previous 
experiences, distinguished larger structures of diverse forms, long series, closely 
joined together; all in motion, turning and twisting like serpents But see what was 
that' 7 One serpent had seized its own tail, and this image whirled defiantly before 
my eyes. As by a lightning flash, I awoke; and again spent the rest of the night 

working out the consequences of this idea.Let us learn to dream, gentlemen, 

and then we may find the truth but let us beware of making our dreams public 
before they have been approved by the waking mind. 

Kekule'died in Bonn on 13 July 1896. 


16 5 2 Resonance 

The two structures A and B in Fig. 16 12 (the positions of the double bonds are 
different in A and B ) are known as the resonance or canonical forms of benzene?) A 
resonance or canonical" structure" isone which is not the correct and is only a 
convenient (nevertheless incomplete) representation In the case of benzene, the true 
structure is neither the resonance structure A nor B but is in between the two and is 
best represented by C, referred to as a resonance hybrid. A note of caution is 
necessary here. Use of the term'resonance hybrid'does not mean that C comprises 
equally of A and B. All that is meant is that the true structure of benzene cannot be 
readily represented by conventional chemical formulae and is best represented by C 
and to a lesser extent by A and B To indicate two structures which are resonance 
forms of the same compound, a double headed arrow is used, for example A *—* B 
This arrow should be clearly distinguished from that used for an equilibrium 
— )The extra stability which a real molecule has over the hypothetical resonance 
structure is known as the resonance energy. In the case of benzene, the real molecule 
is more stable than A or B. 


16.5 3 Isomerism in Arenes 

Arenes exhibit positional isomerism. All monosubstituted benzenes are single isomers, 
but three different disubstitued benzenes are possible as shown for dimethylbenzene 


CHi 



CHj 


1,2-dlmethylbenzene 

(ortho-xylene) 


CHj 


o 


'CHj 



1,3-dimethylbenzene 1,4-dimethylberrzene 
(meta-xylene) , (para-xylene) 

Fig. 16.13 Isomerism m substituted arenes 


CHjCHs 


o 


ethylbenzene 
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in Fig. 16.13. Ortho-, meta- and para-xylenes are positional isomers. Besides the 
three possible dimethylbenzenes, a fourth isomer, ethylbenzene, is also known In 
the case of naphthalene, even mono-substituted compounds display positional 
isomerism as in 1-methyl and 2-methylnaphthalene, With higher ring systems, the 
number of isomers possible also increases 


EXERCISES 


16 1 Define the following. 

( 1 ) Structural isomerism 

(ii) Stereoisomerism 

(iii) Conformational isomerism 

(iv) Positional isomerism 

16.2 Draw all the possible structural isomers with the molecular formula CsHh. Name 
them. 

16 3 In the isomets of CtHu drawn in question 16 2, indicate primary, secondary, tertiary and 
quaternary carbons. 

16.4 Draw the Sawhorse and Newman projections of butane using the C-2 to C-3 bonds as 
references in 

(i) eclipsed form 
(n) staggered form 

16.5 Why is cyclopropane very reactive when compared to cyclohexane? 

16 6 What is the condition to be satisfied for a compound to be chiral? 

16.7 What is an asymmetric carbon atom? 

16 8 What are enantiomers? How can they be identified? 

16.9 In what way does a racemic mixture differ from a chiral compound? 

16.10 What do you understand by 0) asymmetric synthesis, (ii) resolution? 

16.11 What is the origin of geometrical isomerism in alkenes? 

16 12 Why is it that the carbon-carbon bond distance in benzene is intermediate between a 
carbon-carbon single and double bond? 

16 13 What is meant by (i) delocalisation, (ii) resonance energy 7 

16.14 Identify the type of isomerism exhibited by the following compounds: 

CH 3 

I 

(i) ch 3 -ch 2 -c-h 

I 

Cl 

(ii) ch 3 ch=chch 2 ch 3 

(lii) CHjCH 2 CH 2 CH 3 
(iv) C 5 H 12 
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16 Draw structures to illustrate 

(i) geometrical isomerism 

(ii) positional isomerism in arenes 
(lii) a racemic mixture 

(iv) a chiral isomer of methylpentane, 



UNIT 17 


PREPARATION AND PROPERTIES OF 
HYDROCARBONS 


We burn wore hydrocarbons today 
than ever before. 


OBJECTIVES 

In this Unit, we shall learn 

* the principles and processes of isolation of hydrocarbons from two 
natural sources, namely coal and petroleum; 

* the industrial processes of preparation of hydrocarbons; 

* the method of measuring and improving the quality of a fuel, 

* the laboratory methods for preparation of aliphatic hydrocarbons, 

* correlation of the variation in physical properties of hydrocarbons 
with their structures, 

* chemical reactions of hydrocarbons such as oxidation, addition and 
substitution; 

* the reasons for the acidic character of acetylene 
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DURING the course of this Unit, we will study the sources, preparation, properties 
and reactions of hydrocarbons As we have seen earlier, in Unit 7, hydrocarbons are 
the parent compounds from which other organic compounds are derived. Replace¬ 
ment of hydrogen atom in a hydrocarbon by an -OH group gives an alcohol, a 
-COOH group gives a carboxylic acid. Thus, all organic compounds can be derived 
from hydrocarbons by substituting a hydrogen with a suitable functional group It is 
therefore appropriate to commmence our study of organic compounds with the 
study of hydrocarbons. 

17 1 SOURCES OF HYDROCARBONS 

Till the early years of the nineteenth century, the only source of organic compounds 
was from plants and animals With the advent of the Industrial Revolution in 
Europe, fossil fuels like coal and petroleum gained prominence as sources of organic 
compounds, particularly hydrocarbons Tpday, the chief source of hydrocarbons is 
petroleum However, in recent years coal is again gainirig prominence, due to the 
1 uncertain conditions in the world oil market. 

17 1 1 Origin of Coal and Petroleum 

The origin of coal and petroleum (Latin petra = rock, oleum = oil) is thought to 
be plant and animal life which flourished long ago. Their burial in the earth’s crust 
for a long time under great pressure in the absence of air resulted in their transfor¬ 
mation into coal and petroleum 

While coal is mined like any other mineral, petroleum or crude oil is pumped out 
by drilling a well. The chief coal producing countries of the world are China, 
U.S.A., U S.S R , U.K , Germany, Poland, Australia and India. Saudi Arabia, Iran, 
Iraq, the countries in the West Asia, U S.S R , U S A., U K., Mexico and China are 
important oil producing countries In India, coal is mainly mined in Bihar, West 
Bengal, Madhya Pradesh and to a lesser extent in Andhra Pradesh. Production in 
1984-85 amounted to 147 6 million tonnes and in 1986-87, it was 175 4 million tonnes 
The leading oil producing centres are Gujaiat, Assam and Bombay High (offshore). 
In 1986-87, India produced close to 30 5 million tonnes of crude oil 

17 1.2 Composition of Coal and Oil 

Coal is mainly composed of carbon. Soft coal (bituminous) and hard coal (anthra¬ 
cite) have about 65% and 85% carbon, respectively. Coal also contains arenes 
(aromatic hydrocarbons) lik& benzene, toluene, xylene, naphthalene and anthracene 
besides some organic compounds of sulphur and nitrogen. On the other hand, crude 
oil is largely made up of aliphatic hydrocarbons with much lesser amounts of 
aromatic compounds and organic componds of sulphur and nitrogen. 

17 1.3 Aromatic Hydrocarbons from Coal 

Coal is a commercial source of arenes When coal is heated in the absence of air to 
1270-1675 K (pyrolysis), it is partly broken down into simpler^ volatile compounds 
and a residue, known as coke. The ^volatile material consists, of coal gas, ammonia 
and a viscous liquid, known as coal tar, which contains aromatic compounds 



440 


CHEMISTRY 


Ammonia is removed by absorbing it in acid, and is later converted to ammonium 
salts. Aromatic hydrocarbons are obtained by fractional distillation of coal tar The 
arenes present in coal tar are mainly benzene, toluene, 1,2-, 1 3- and I, 4-dimethyl- 
benzenes (xylenes), naphthalene, anthracene and phenanthienc Table 17 1 sum¬ 
marises the product obtained by fractional distillation of coal tai The residue, coke, 
is used as a reducing agent in metallurgy and as a fuel Coal gas, which mainly 
consists of low molecular mass alkanes and alkenes, is also used as a fuel Although 
the amount of coal tar and coal gas obtained from coal is small in percentage terms, 
the large amount of coke produced from coal for industrial use provides sigmlicant 
quantities of coal tar and coal gas. 


TABLE 17 I 

Fractions of Coal Tar 


Number of 
fractions 

Temperature range 

(K) 

Name of fraction 

Components 

1 

Upto 443 

Crude light oil 

Benzene, toluene, xylene 

2 

443-503 

Middle oil or carbolic oil 

phenol 

3 

503-543 

Heavy oil or creosote oil 

methyl and higher alkyl 

4 

543-633 

Green oil or anthracene oil 

naphlhalenf, 

anthracene, phenanthrene 

5 

—- 

Pitch 



17.14 Hydrocarbons from Petroleum : Oil Refining 

The crude oil or petroleum as pumped out of the oil well is a viscous and complex 
mixture of several hydrocarbons and minor amounts of other compounds. Before it 



Photo VI Petroleum refinery 


Courtesy PIB, New Delhi 
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can be used, it has to be purified or ‘refined’ into different categories. In India, oil 
refineries are located at Koyali, Bombay, Cochin, Madras, Visakhapatnam, Haldia, 
Barauni, Guwahati, Digboi and Mathura. 

The first step in the refining process is neutralisation of the crude oil by washing 
it with acidic or basic solution as needed. The oil is then, fractionated by distillation 
(Unit 18) into several fractions with different boiling ranges. For this purpose, the 
crude oil is heated in a furnace to 650 K and the pressure reduced. The hydrocarbons 
so volatilised are fed into the bottom of a bubble tower (Fig 17.1). The bubble tower 



' Fig 17.1 Fractional distillation of crude oil. The cutway view shows how fractionation of more volatile 
components tqfes.place 


is a tall cylindrical steel structure with horizontal trays fitted in it, Each tray has a 
number of holes and a short tube with a bubble cap. The higher boiling fractions 
condense in the lower portions of the tower. Fractions with lower boiling points rise 
up the tower and condense at different levels, depending on the boiling points. Thus, 
several fractions/ are collected. Each fraction is a mixture of hydrocarbons with a 
defined boiling range. Gasoline obtained by this procedure is called straight run 
gasoline. The products of a typical fractionation of pertroleum are given in Table 
17.2 along with their main uses. 
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TABLE 17 2 

Typical Fractionation of Petroleum 


Fraction 

Composition 

Boiling 

range(K) 

Approx i - 
mate % 

Uses 

Gaseous 

c,-c 3 

113-303 

2 

Gaseous fuel, production of carbon 
black, (hydrogen, and carbon 
monoxide) used to make ammonia 
and methanol, gasoline 

Petroleum ether (ligroin) 

C 3 -C 7 

303-363 

2 

Solvent used in drycleanmg clothes 

Gasoline 

Cj—Ci2 

343-473 

32 

Motor fuel 

Kerosene 

C, 2 —Hu 

448-548 

18 

Illuminant fuel, jet engine fuel 

Gas oil, fuel oil and diesel 
oil 

Cu-Cjs 

523-673 

20 

Furnace fuel, fuel for diesel engines, 
in cracking 

Lubricating oils, greases, 
petroleum jelly 

Cm and up 

623 and up 


Lubrication 

Paraffin (wax) 

Petroleum coke 

Cm and up 

melts (325-330) 
residue 


Candles, water-proofing, fabrics 
Artificial asphalt, fuel, electrodes 



Photo VII Dinethyl terephthalate plant of 1PCL's Vadodara complex , 

Courtesy LPCL, Vadodara 











Photo VIII A view of aromatics plants area (xylens plant) of IPCL’s Vadodara complex 

Courtesy IPCL, Vadodara 


17.1.5 Cracking and Reforming 

Of the various products obtained in straight run refining, the most important are 
petrol, diesel and kerosene. The demand for these products is more than what is 
obtained from the above method. Therefore, techniques have been developed to 
increase the availability of these fractions by either cracking or reforming. In 
cracking, a larger molecule is broken down into smaller molecules. Reforming, 
which is used primarily to improve the quality of gasoline, converts straight chain 
l alkanes into arenes. 

I ' Cracking: Pyrolysis of fuel oil and lubricating oil at about 770K results in 
| /random cleavage of carbon-carbon bonds. This process, which is important in 
j/petroleum refining, is known as CRACKING. Using decane as an example, the follow¬ 
ing equation can be written: 

770K 

CH 3 (CH 2 ) 8 CH 3 -- CH 3 (CH 2 ) 6 CH 3 + ch 2 = ch 2 

In the equation given above, octane and ethene have been shown as products. 
However, as the C-C cleavage in the first step is random, cracking of decane can 
\ produce other hydrocarbons like heptane, hexane, pentane, butane, propene, butene, 
\pentene, hexene, etc. Thermal cracking is difficult to control and gives rise to 



















Photo IX STR homer \emon (heart <>/ the Naphtha ( rather Plant of IPC I, Vadodara) 

Coiijuc^-LP.CL, V adod.iu 

^omplex product mixtures Nowadays, catalytic cracking, u^ng < *Sji £a and alurrnn5\,as 
^catalysts at lower temperatures (600-650K), is more common. Besides being - ,! source 
of gasoline, cracking is the manufacturing method for industrially important alkenes 
like efhene, propene and butene 

Reforming. REFORMlNC - r r _ ’r:» = r , ' 1 i ‘ , '..ubons from 

cyclic and acyclic alkanes’ I* ■. , • . ■ .'es,'The"buIi 

of these"came from coal tar. But now they are derived from petroleum, plainly by 
the process of reforming! - Tn this proce- r’'r — ,i ~Y - .Vk'";- ' -- :i 

eight carbon-atoms are heated at '■ h • . , ... .■ , 

platinum or nickel as catalyst Platinum seems to be the best catalyst and so the 
process is sometimes called^ PLATFORMING ^Following aie two examples of plat¬ 
forming Besides improving tfiEl^yality oT gasoline, arenes like benzene, toluene and 
xylenes are used to manufacture many other organic chemicals 

CH, 

Pt, 670 K 




heptane 


toluene 



preparation and properties of hydrocarbons 


445 



cyclohexane 


benzene 


17 1.6 Aliphatic Hydrocarbons from Coal 

Fuels resembling those obtained from petroleum can also be produced from coal by 
two methods, namely the Fischer-Tropsch process and the Bergius process. During 
World War II, Germany, whose petroleum supplies were cut off, produced consider¬ 
able amounts of fuel from coal by the above processes. The uncertainties in the 
world oil market today are generating a renewed interest in these methods, especially 
in countries rich in coal but poor in oil. 

The Fischer-Tropsch process consists of passing a mixture of water ga s (CO + 
H 2 ) ancL excess hydrogen over heated cobalt or nickel as cataly st. A mixture of 
hydrocarbonTTsproducedand thiscan be refined as needed in the usual manner. 


CO + H 2 


Co or Ni 
catalyst 


Mixture of hydrocarbons + H 2 O 


In the Ufgt gius process ^ powdered coal is Hydrogenated at 748 K, at 200-250 
atmospheres in the presence of i ron oxide as cat alyst A mixture of liquid hydr o- 
carbons of goo£ 


C+Ki 


Iron oxide 


200-250 atm, 748 K 


Mixture of hydrocarbons 


17.1.7 Quality of Gasoline—Octane Number 

An internal combustion engine gets its power by controlled combustion of vapourised 
fuel and air. If a low quality fuel is used, the fuel does not burn smoothly^An^ 
exp losive sound is produced occasionally. It is known as knocking This greatly 
reduceTThe - power of the engine. A fuel which produces minimum knocking is 
considered as a good quality fuel. The quality of a fuel is indicated in terms of its 
OCTANE NUMBER. An arbitrary scale of octane number has been set up, with n- 
heptane and 2,2,4-trimethylpentane (iso-octane) as reference compounds. Iso-octane 
was at one time considered an ideal fuel and was given an octane -number 100 
Heptane kn ocks very badly and was.-.g iyem~ari nrta n e —nu mber zero.LTJie octane 
n umber of dnvS is defined as the percent of iso-octane in a mixture of iso-octa ne 
^d~hfytqpfr~\^ich corresponds to the fuel under test in knoc king T herefore, the 
antiknock prope rty of a fuel increases with the increase ol octane numt/er jranche a 
chai n alkanes, alkenes and arorp atir hyrlrnrfirhn.ns have high octane numbers. These 
compounds with higher octane numbers are added to straight-run gasoline to raise 
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its octane number. These 
reforming 


compounds are prepared by_catalytic cracking and catalytic 


ch 3 —ch 2 -ch 2 - ch 2 —ch 2 —ch 2 -ch 3 


n-Heptane 


CH 3 ch 3 

I I 

H 3 C—C —CH 2 —CH—CH 3 

I 

ch 3 

2,2,4-Trimethylpentane 


17.1.8 Gasoline Additives 

The octane number of gasoline is also greatly improved by the addition of tetraethyl¬ 
lead, Pb(C 2 Hs) 4 . Such compounds which improve the octane number of a fuel are 
termed as antiknock compounds.Gasoline containing tetra ethyllead is cal led le aded 
gasoline or ethyl gasoline 

*'’~A"gasbline-engine! discharges various substances into the atmosphere. These are 
carbon dioxide, water, carbon monoxide, nitrogen oxides, unburnt hydrocarbons 
from leaded gasoline and certain compounds of lead. Some ot these substances are 
highly poisonous. Their emission into the atmosphere, with the increasing use of 
automobiles, is a serious pollution problem. Certain devices are now being used to 
oxidise the unburnt hydrocarbons and carbon monoxide to carbon dioxide and 
decompose nitrogen oxides into nitrogen and oxygen The addition of tetraethyllead 
in gasoline can be avoided by increasing the octane number of fuel by adding certain 
aro matics a ncHrntnch gd cJaaa iJhydrocarbons. 

17 2 LABORATORY PREPARATION OF ALKANES 

As we have seen earlier, petroleum is the most important large scale source for 
numerous hydrocarbons including alkanes. However, many alkanes are not available 
from petroleum or are needed in small quantities for use in the laboratory. Some of 
the laboratory methods of preparation of alkanes are given m the next few sections. 

17.2.1 From Unsaturated Hydrocarbons 

The process of addition of hydrogen to an unsaturated compound in the presence of 
a catalyst is known as hydrogenation or reduction. Alkenes and alkynes are convert¬ 
ed to alkanes by this process. Hydrogenation reactions are involved in the manu¬ 
facture of vanaspati from edible vegetable oils. 


ch 2 = ch 2 + h 2 ~~ ch 3 - ch 3 


Ni or Pt 


CH 3 - CH 3 


HC = CH + 2H 2 


or Pd 
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17.2.2 From Alkyl Halides 

Alkyl halides can be converted to alkanes by any one of the following methods 

Using Grignard Reagents : Alkyl halides, especially chlorides, bromides, and 
iodides, react with magnesium metal i njethoxvetha ngJdiethyl-ethef) to form alkyl- 
magnesium halides Alkylmagnesium haMesare also known as Grignard reagents m 
honour of Victor' Grignard who discovered these versatile reagents and was awarded 
the Nobel Prize in Chemistry in 1912 for this work. 

CH 3 CH 2 Br + Mg — — ■■ CH 3 CH 2 MgBr 

diethyl ether 


As the carbon atom is relatively more negative than magnesium, it readily reacts 
with proton donors like water and acids to give an alkane. 

CjHsMgBr + H 2 0-* C 2 H 6 + Mg(OH)Br 

Wurti Reaction: When an alkyl halide (usually bromide or iodide) is treated with 
sodium in diethyl ether a symmetrical alkane containing twice the number of carbon 
atoms present in the alkyl grroup is obtained 


2C 2 HiI + 2Na 


diethyl ether 


C 2 H 5 —C 2 H 5 + 2NaI 


This method gives an alkane with even number of carbons. If two different alkyl 
halides are reacted for preparing an alkane with odd number of carbons, a mixture 
of three products is obtained as illustrated: 

C 2 H 3 I + CEbI + 2Na -—-—-—-—► C 2 H 5 —CH 3 + 2NaI 
diethyl ether 

2C 2 H 5 I + 2Na - • , > C 2 H 5 —C 2 H 5 + 2NaI 

diethyl ether 


2CH 3 I + 2Na ■ ■ - — -CH 3 —CH 3 + 3NaI 

diethyl ether 

Therefore, the Wurtz reaction is not useful to prepare alkanes with odd number of 
carbons as a mixture of hydrocarbons is obtained. 

Reduction of alkyl halides: Alkyl halides (again mainly bromides and iodides) 
can be converted to alkanes by reducing them with either red phosphorus and 
hydroiodic acid or hydrogen in the presence of a catalyst. As the iodine produced in 
the reaction can react further with the alkane, it is removed by reaction with red 
phosphorus. 


C 2 H 5 Br+ 2H1 


C 2 H 6 + HBr + I 2 


2P + 3I 2 -* 2PI 3 

Pt or Pd 


C 2 H 5 Br + H 2 


C 2 H 6 + HBr 
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17.2.3 From Carboxylic Acids 

Two general methods are available for the preparation of alkanes from carboxylic 
acids. They are (i) decarboxylation, and (ii) Kolbe’s electrolytic method. 

Decarboxylation■ When a carboxylic acid is heated with soda lime (NaOH and 
CaO in the ratio 3T) to about 630 K, it results in the loss of CO 2 (hence decarboxy¬ 
lation) and the formation of an alkane with one less carbon 

CHiCOOH + NaOH-* CHiCOONa + H 2 0 

CHjCOONa + NaOH-* CH 4 + Na 2 C0 3 

Kolbe’s electrolytic method: When the sodium salt of a carboxylic acid is 
electrolysed, an alkane is obtained at the anode through the following series of 
reactions 


CHsCOONa_. CH 3 COO~ + Na + 

CH3COO * CH 3 COO + € (at anode) 

CH3COO -* CH 3 + co 2 

2CH 3 -- CHj—CH 3 

Kolbe’s reaction laid the foundation for the development of electro-organic 
chemistry. 

In this method also, like in the Wurtz reaction, an alkane with an even number 
of carbons is formed. Alkanes with odd numbers of carbons cannot be prepared by 
this reaction. 

17 3 LABORATORY PREPARATION OF ALKENES 

Alkenes are usually prepared in the laboratory from either alcohols or alkyl halides 
17.3.1 From Alcohols 

Removal of a molecule of water (dehydration) from an alcohol results in an alkene 
The two common methods for effecting dehydration are to heat the alcohol with 
either alumina or a mineral acid. 


(a) 


CH 3 CH 2 OH 


AhO, 

623-633K 


ch 2 = ch 2 + H 2 0 


OH 



HjP0 4 

-—>0. 

373-383K 



+ H 2 0 
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The loss of water from an alcohol to give an alkene does not occur in just one 
step, a series of steps are involved An understanding of such a series of reaction 
steps is known as the mechanism of a teaclion Thus, in the dehuhalion leaction given 
above, the following steps are involved First, the acid protonates the alcohol on the 
most electro-negative atom, namely oxygen This process is usually reversible In the 
second step, the protonated alcohol loses water to give a positively charged species, 

CH3CH2OH + H + c - - ± CH3CH2OH: + 

known as a CARBONIUM ION or CARBOCATION Finally, the carbonium ion loses a 
proton and forms an alkene 

CH3CH2CFH2 -- CH 3 CH 2 + + HiO 

CH3CH2- ‘CH 2 = CHi + H H 


17 3 2 From Alkyl Halides 

Removal of a molecule of a hydrogen halide from an alkyl halide (usually bromides 
or iodides and less commonly, chlorides) results in the formation of an alkene As a 
molecule of HX is lost, this reaction is also termed as a dehydrohalogenation This 
reaction is most commonly done by heating an alkyl halide with alcoholic potassium 
hydroxide 

CH 3 CH 2 CH 2 Br + KOH ♦ CH,CH = CH 2 + KBr + H 2 0 

Reactions in which a small molecule like H 2 0 or HX is lost are known as 
ELIMINATION REACTIONS 

17 4 PREPARATION OF ALKYNES IN THE LABORATORY 

In contrast to alkanes and alkenes, the methods available for the preparation of 
alkynes are not many The simplest alkyne, ethyne (acetylene) is obtained by reacting 
calcium carbide with water. Calcium carbide is manufactured from limestone and 
coke (see Unit 7 for a brief account of carbides) 

CaCii + 2H z O-* Ca(OH) 2 + C 2 H 2 

A general method for the preparation of higher alkynes is given below 


17.4 1 From Acetylene 

Acetylene reacts with sodium amide to foim sodium acetylide The acetylide on 
treatment with an alkyl halide leads to a homologated acetylene This reaction is 
explained in detail towards the end of this Unit. 


HC=CH + NaNH 2 


C 2 H 5 OC 2 H 


HC=C Na + + NH 3 
Sodium acetylide 
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HCsC' Na + + CH3CH 2 CH 2 Br-* HC^C-CH 2 CH 2 CH 3 + NaBr 

17.5 PHYSICAL PROPERTIES OF ALKANES 

Some of the physical properties that tye will study in this section are boiling point 
melting point, density and solubility. All these properties depend upon the inter- 
molecular forces between the molecules. These forces are of the van der Waals type 
(chapter 3) and in turn depend upon the shape and hence the structure of the 
molecules. Thus, for example, a straight chain molecule has more contact with an 
adjacent molecule when compared to a branched chain molecule which is more 
compact and has less contact. Therefore, the van der Waals forces are greater in 
straight chain molecules than in branched chain molecules. 

Among the straight chain alkanes, the first four (Ci to C 4 ) are gases, the next 
t hirteen a re liquids (Cj to C 17 ) and the higher molecules are solids. All of them are 
colourless] ~~ 

17.5.1 Boiling Points 

The boiling points .of alkanes increase with increase in their molecular mass. Each 
carbon added to the chain increases the boiling point by about 20-30 K. The 
difference is greater for the lower homologues than for the higher ones. This regular 
increase in boiling point with increase in carbon content is due to greater surface 
area and contact and hence larger van der Waals forces as we go up a homologous 
series. The same trend is observed for alkenes and alkynes as well 



number of carbon atoms per molecule 

Fig. 17.2 Graph showing variation in boiling points of n-aikane with increase m the number of carbon atoms 
per molecule of the homologous series 
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Branched compounds have lower boiling points than their straight chain isomers. 
Thus, in the case of the C5H12 isomers, the straight chain compound.pentane.boils at 
309 K, the single branched isomer,2-methylbutane,boils at 301 K and the doubly 
branched ,2,2-dimethylpropane, boils at 282 5 K This variation can be readily 
explained. As we go from a straight chain to a single branched to a double branched 
isomer, the molecular shape becomes more and ihore compact, thereby resulting in a 
decrease in the van der Waals forces. Therefore, the boiling points also decrease. All 
these are illustrated in Fig. 17 2. 

17 5 2 Melting Points 

Variations in the melting points of alkanes are not regular, because these depend on 
how the molecules are packed in the crystal. However, when melting points of 
normal alkanes are plotted against the number of carbon atoms in a chain, a 
sawtooth pattern is found (Fig. 17 3). 



Fig 17.3 Variation in melting points of n-alkanes with 
increase in number of carbon atoms 

Molecules with an odd number of carbon atoms have lower melting points than 
those with an even number of carbon atoms This implies that molecules with an 
odd number of carbon atoms are poorly aligned in the crystal compared to molecules 
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with an even number of carbon atoms. The same kind of alternation effect is found 
in alkenes and alkynes This is associated with the shape in space or conformation 
of the hydrocarbon chains in the ciystals in the solid state. Due to sp 3 hybridisation 
in alkanes, any two bonds of a carbon atom make an angle of about 109° 28' with 
one another. The most extended form of an unbranched carbon chain is zig-zag and 
not straight as is commonly written. 

Terminal methyl groups of alkanes lie on the same side when the number of 
carbon atoms is odd, and on opposite sides when the number is even (Fig 17 4) 



Fig 17.4 Diagramalic representation of extended form of alkane (butane) containing even number 
of carbon atoms 

Crystalline forms of alkanes are built up of molecules with extended chains. 
Therefore, the difference in arrangement of the CHF group of odd and even carbon 
compounds appreciably affects the forces of interaction and hence the melting 
temperature In the liquid state, where the shapes of the molecules keep changing as 
a result of collisions, such alternation effect is not observed (see boiling points) 

In alkenes, where geometric isomerism is possible, melting points depend on the 
structure of the molecule For example, cw-2-butene has a lower melting point than 
<rara-2-butene. Amongst isomeric dimethylbenzenes (xylenes), the para-isomer has 
the highest melting point. The effect is most dramatic when we compare the melting 
points of benzene (278 K) and toluene (178 K), the introduction of a single methyl 
group into the highly symmetrical benzene molecule causes such a drastic change. 

17.5 3 Solubility and Density 

The solubility behaviour of most compounds is described by the popular statement, 
like dissolves like’ Acyclic compounds which are non-polar are soluble in non-polar 
or slightly polar solvents such as benzene, ether, carbon tetrachloride, etc., but are 
insoluble in water and other polar solvents. Alkanes themselves are good non-polar 
solvents, which dissolve non-polar or slightly polar compounds. 

The density of alkanes increases with increase in the size of the molecule but 
reaches the limiting value at about 800 kg m -3 . Generally, hydrocarbons are lighter 
than water. 

17.6 REACTIONS OF HYDROCARBONS 

The reactions of hydrocarbons are directly related to their structures As we have 
seen earlier m Unit 16, alkanes are saturated hydrocarbons with only carbon-carbon 
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single bonds and carbon-hydrogen bonds. Alkenes and alkynes are all unsaturated 
hydrocarbons. Whereas alkenes have carbon-carbon double bonds, alkynes have 
carbon-carbon triple bonds. The double and triple bonds comprise a a-bond and 
one and two 7 r-bonds, respectively. As a 7r-bond is weaker than a-bond, it is also 
more reactive. Consequently, alkenes and alkynes are more reactive than alkanes. 
Arenes are also more reactive than alkanes but are not comparable to alkenes and 
alkynes. This is due to special properties of the benzene structure, which were 
mentioned in Unit 16 The relative inertness of alkanes have earned them the name 
‘paraffins’ (Latin: little affinity or reactivity). 

The main, reaction^ of hydrocarbons can .be conveniently classified and studied 
under four heads:- 

(1) oxidation (including combustion and fragmentation); (2) addition; (3) substitu¬ 
tion and (4) miscellaneous reactions. 

17.6.1 Oxidation (including Combustion and Fragmentation) 

All hydrocarbons undergo oxidation under certain conditions The more common 
oxidising agents which react with hydrocarbons are oxygen, potassium permanganate 
and ozone. We will now discuss the oxidation of hydrocarbons with these three 
oxidising agents. 

Complete Oxidation with Oxygen-combustion: All hydrocarbons are combustible. 
They bum in air or oxygen produ cing carbon dioxide and water and liberate heat in 
the process. Incomplete co mbus tion results in the formation of carbon monoxide 
and unburnt carbon (carbon black and soot). In general, alkanes undergo complete 
cbmb ustib n readily (with a blue_ flame), but alkenes, al kyne s and arenes do not get 
oxidised_compIeSyIarL.d_ burn with a lu minous, yello w,, sooty flame. The colour of 
the flame,when an organic compound is burnt .was for long used as a qualitative 
tool in organic chemistry to distinguish between saturated and unsaturated com¬ 
pounds. Hydrocarbons find extensive use as fuels like liquified petroleum gas (LPG), 
petrol, kerosene and diesel This is due to the strongly exothermic nature of the 
combustion reaction 

CH 4 + 20 2 -* CO 2 + 2H.O; AH° combustlon = - 890.4 kJ mof 1 

C2H4 + 30 2 -►' 2C0 2 + 2H 2 0 =-1411 kJ mol' 1 

2C 2 H 2 + 50 2 -* 4C0 2 + 2H 2 0 = - 1300 kJ mof 1 

Oxidation with Potassium Permanganate: Combustion of hydrocarbon in air or 
oxygen is useful for realising their calorific value only. However, as we have seen 
earlier in this chapter, hydrocarbons are the parent compounds for other organic 
compounds and are also abundantly available. For transforming hydrocarbons into 
other useful orgnic compounds, controlled oxidation is desirable. Of the many 
methods available for this purpose, we will study the reactions of hydrocarbons with 
potassium permanganate and ozone. 

Alkanes, due to t heir structural featu res (only q-bonds and no 7r-bonds) do not 
react with potassium permanga nate. Unsaturated compounds like alkenes and 
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alkynes react quite readily The products obtained depend upon the reaction 
conditions, with cold, dilute potassium permanganate solution, alkenes and alkynes 
react as shown to give 1,2-diols (1,2-glycols) and 1,2-diketones respectively. As 
potassium permanganate is reduced to manganese dioxide in the process, the purple 


298-303K 

CHiCH=CHCHi + KMnQ 4 + H 2 0->CH 3 CH—CH—CH 3 + Mn0 2 +KOH 


OH OH 


298 303K 

CHjCsCCHb + KMn0 4 + H 2 0-► CH 3 -C -C-CH 3 + Mn0 2 + KOH 

li II 
o o 

colour is discharged. This reaction is used in qualitative organic analysis to test for 
the presence of an unsaturated hydrocarbon. Under more severe conditions, the 
double bond is cleaved and the final products are carboxylic acids, ketones and 
carbon dioxide depending upon the nature of the double bond as illustrated below. 


373 383K 

CH 3 CH 2 CH = CHCH 3 + KMn0 4 —-* CH 3 CH 2 COOH + CH 3 COOH + Mn0 2 


CHj 


H 


\_/ 

/ °\ 

CH, H 


CH, 


KMnO< 


373-383 K 

. »- 


CH, 


\ 

( 

/ 


C _ O + CO] + Mn0 2 


With alkynes also a similar reaction occurs. 

374-3R3K 

CH 3 C=CH + KMn0 4 — > CH 3 COOH + C0 2 + Mn0 2 


If the products of these cleavage reactions can be characterised, then the structure of 
the starting alkene or alkyne can be determined, as the position of cleavage corres¬ 
ponds to the position of the double or triple bond. 

Oxidation with Ozone • Alkenes are oxidised by ozone to ozonides Ozonides are 
unstable and explosive compounds They are not isolated but are reduced with zinc 
and water. The products are aldehydes or ketones, resulting from the cleavage of the 
carbon-carbon double bond. The process is known as ozonolysis and is shown 
below. 


\ / 

C = C + 

/ \ 


T),- 


N y'°\ / 

C C 

/ \ / V- 

o—o 



alkene ozonlde aldehydes and/ or ketones 

If a hydrogen is attached to the carbon forming the double bond, an aldehyde 
results, otherwise, ketones are formed Analysis of the product of ozonolysis is 
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helpful in locating the position of the double bond and was used extensively for 
structure elucidation in the past Alkynes give diketones on ozonolysis 


l.Oi 

CHiC^CCHj -- CH 3 —C—C—CH 3 

2 Zn/HiO || || 

o o 

The cleavage reactions of alkenes with potassium permanganate and ozone offer 
methods for the fragmentation of hydrocarbons 

17 6.2 Addition Reactions 

Addition reactions are those in which one reacting molecule adds on to the multiple 
bond of the other reacting molecule In the process, the 7r-bond of the multiple bond* 
is broken and two new o-bonds are formed. Thus, for example, in the case of an 
alkene, we have 


\ / \ / 

C = C + XY -- C—C 

/ \ 


By the very definition of an addition reaction, it is immediately obvious that alkanes 
cannot participate in an addition reaction The unsaturated hydrocarbons-alkenes, 
alkynes and arenes all undergo addition reactions. For purposes of our study, 
addition reactions can be broadly classified as follows. 

(a) Addition of hydrogen 

(b) Addition of halogens 

(c) Addition of unsymmetrical reagents 

(d) Addition to arenes 

(e) Polymerisation 

Addition of Hydrogen: Alkenes and alkynes react readily with hydrogen in the 
presence of finely divided nickel, platinum or palladium as catalysts. The process is 
known as hydrogenation 


CH 2 = CH 2 + H 2 


Catalyst 


CH 3 - CH 3 


HC = CH + H 2 C - Iy — CH 2 =CHi Ca ~ — CH 3 - CH 3 

(JnJhfijcnse of alkynes, ihc .nleimediate alkenes can he isolated by choosing the light 
reaction c onditons- Hychogcnai.on is_iiscd in Hie manufacture' ol vanaspan fiorh 
vegetable’"oils Many vegetable oils contain double bonds and become rancid on 
prolonged storage due to reaction at the double bonds Hydrogenation converts the 
double bonds into saturated bonds and thereby prevents rancidity. 

Addition of Halogens: Alkenes and alkynes react readily with halogens, especially 
chlorine and bromine, producing a di-or tetrahalogen derivative. Thus, ethylene 
reacts with bromine to give 1,2-dibromoethane. 
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CH 2 = CH 2 4- Br 2 --BrCH 2 CH 2 Br 

In alkynes, due to the presence of two rr-bonds each molecule of the alkyne can 
teact with two molecules of the halogen As illustrated for acetylene, the addition of 
halogen (chlorine) can be controlled to give 1,2-dichloroethene or 1,1,2,2-tetra- 
chloroethane. 


HC = CH + Cl 2 -- C1CH = CHC1 

HC = CH + 2C1 2 -- CI 2 CHCHCI 2 

Addition of Unsymmetrical Reagents: Most of the addition reactions of alkenes and 
alkynes are those with unsymmetrical reagents like HC1, HBr and H 2 0. When such 
reagents react with alkenes and alkynes, one part of the molecule bonds to one 
carbon atom and the other part to the second carbon atom 

CH 2 = CH 2 + HC1 -- CH3CH2CI 

HC s CH + HBr-* CH 2 = CHBr 4 HBr-* CH 3 CHBr 2 

However, if the alkene and the reagent are both unsymmetric then two products 
are possible, as illustrated for the reaction between propene and HBr, in the dark 
and in the absence of peroxides. Experimentally, under these conditions, the 
major product is 2-bromopropane and the minor product is 1-bromopropane. After 

CH,CH=CH, + HBr Ab J^ f CH,-CH-CH, + CftCH.CftBr 

Br 

2-Bromopropane 1-Bromopropane 
90% 10% 

the study of the reaction of hydrogen halides with a variety of alkenes,the Russian 
chemist, Markownikoff, postulated in 1869 that, “In the addition of HX molecules 
-ll) an unsymmetri cal alkene, the hydroge n goe s to the c arbon atom whifth already 
has n um^r~oF~hyJrogen a lomTlinach^ today kno wn ~as 

wn tkoff’s rule and can be use d to predict the m ai or product w hen a mo lecu le 
of HX adds to an unsymmetrical alkene . 

Water iso adds to alkenes and alkynes in the presence of mineral acids and 
mercuric ions as catalyst, respectively. In this case also, Markownikoffs rule is 
obeyed and propene gives 2-propanol and not 1-propanol as the major product. The 


CH 3 CH=CH 2 + H 2 C " zS0< » CH 3 CH CH 3 + CH 3 CH 2 CH 2 OH 

OH 

major product minor product 
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reaction of an alkene with water to give an alcohol is known as hydration and is an 
industrially important method for the manufacture of alcohols. 

Alk y ne s un dergo hydration in the pr esence of mercur ic ions as a catalyst. The 
products are "Carbonyl compounds7Trr the caseof ethyne (acetylene), ethanal 
(acetaldehyde) is produced. The initially formed vmyl alcohol is unstable and 
rearranges to the more stable ethanal. 

Hg 2+ 

HC = CH 4- HzO -— H 2 C = CHOH->CH 3 CHO 

Vinyl alcohol ethanal 

'Addition to Arenes • Benzene and its homologues undergo some addition reactions 
characteristic of alkenes and alkynes, but under more drastic conditions (like higher 
temperature and pressure) This is due to the extra stability of the delocalised tt- 
electrons in benzene Two such addition reactions are hydrogenation and halo- 
genation. 

+ 



3Hi 


Rh catalyst 



(hydrogenation) 




benzene hexachloride (BHC, gammaxene) 


BHC is used as an insecticide and is manufactured by many companies in India. 
Polymerisation: Polymerisation is a process in which a large number of simple 

molecules combine to form a large molecule, known as a macromolecule or a 
polymer. The simple molecules are known as monomers Polymers have helped to 
revolutionise our everyday living. The polymers are used in plastics, textile, rubber 
and many other industries. 

Alkenes undergo polymerisation in the presence of catalysts In this process, one 
alkene molecule links to another molecule as represented by the following reaction 
of ethene 


2CH 2 = CH 2 -- -CH 2 CH 2 CH 2 CH 2 - or ( CH 2 -CH 2 } 2 

In the case of ‘n’ number of molecules of ethene, the reaction is represented as 
follows: 
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n CHj = CH 2 -► ( CH 2 —CH 2 ) „ 

Polyethene (Polyethylene) 

Polyethene is used in making electrical insulators, laboratory articles such as 
funnel, measuring cylinder, etc. A variety of polymers are obtained by using 
substituted ethenes in place of ethene; For example: 

n CH 2 =CH—Cl-- < CH 2 —CH 2 ) n 

I 

Cl 

Chloroethene (Vinyl chloride) Polyvinyl chloride (PVC) 

n HC = CH 2 -* ( HC — CHi) „ 

I 

C 6 H 5 C 6 Hs 

\ 

Styrene Polystyrene 

n CF 2 =CF 2 -- -f CF 2 —CF 2 -*)* n 

Tetrafluoroethene Polyietrafluorocthene (PTFE, Teflon) 

Polyvinyl chloride (PVC) is used in making plastic bottles, plastic syringes, raincoats, 
pipes, etc. Polystyrene is used in making household goods, toys and in packaging 
Polytetrafluoroethene, also known'as TEFLON, is inert towards the action of 
chemicals It is used in making chemically resistant pipes and some surgical tubes 
The high thermal stabihty_and chemical inertness of teflon is used to advantage in 
;hc manufacture of non-stick cooking utensils, where a thin layer of teflon is coated 
onto the interior of the vessel 

17 6 3 Substitution Reactions 

The replacement of a hydrogen atom of a hydrocarbon molecule by an atom or a 
group of atoms is known as substitution. Alkanes, due to their structure, can only 
undergo substitution reactions if no carbon-carbon bond cleavage is to occur. 
Unsaturated hydrocarbons like alkenes and alkynes rarely take part m substitution 
reactions. Although arenes are unsaturated compounds, the special stability associat¬ 
ed with their structures (Unit 16) results in their undergoing substitution reactions in 
preference to other reactions like addition. In this section, we will study two kinds 
of substitution reactions. They are the halogenation of alkanes and substitution in 
arenes. 

Halogenation of Alkanes: Methane reacts with chlorine either on heating to 520-670 
K or on exposure to ultraviolet light (represented by Yiv) to give a mixture of 
chloromethane, dichloromethane, tflchloromethane (chloroform) and tetrachloro- 
methane (carbon tetrachloride) besides hydrogen chloride As all the products are 
obtained by substituting in succession the hydrogen atoms of methane by chlorine 
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aiums, the reaction is one of substitution. It is also known as halogenation or more 
specifically chlorination, as a chlorine atom is introduced. 

CH 4 + Cl 2 ' 5 20-- ' 67 ~o k CH3C1 + CH2Cl2 + CHCl3 + CC1 ^ + HC1 

(equation is not balanced) 

Substitution in Arenes: Chlorine or bromine reacts with benzene in the presence of 
Lewis acids like ferric or aluminum salts of the corresponding halogen which act as 
catalysts. 


Cl 




+ Bo 


AlBr, 





HBr 


Iodobenzene is obtained by heating benzene with iodine and nitric acid 

6C 6 H« + 312 + 2HN0 3 -• 6C 6 H 5 I + 4H 2 0 + 2NO 

Fluorination is very vigorous in the case of arenes and is rarely used to prep,ire 
fluoroarenes. 

The replacement of hydrogen atom of benzene by a sulphonic acid group 
(— SO 3 H) is known as sulphonation. The reaction is carried out by treating an arene 
with concentrated sulphuric acid containing dissolved sulphur trioxlde or with 
chlorosulphonic acid. 


SOjH 



benzene sulphonic 
acid 



ClSOiH 


S0 3 H 
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A mtro group can be introduced into a benzene 
and sulphuric acids. 



h 2 so, 

— 


Tu¬ 


ring using a mixture of nitric 

NOi 



Friedel-Crafts Reaction: On treatment with an alkyl halide or a carboxylic acid 
halide (acyl halide) in the presence of anhydrous aluminium chloride as catalyst, ben¬ 
zene forms an alkyl or an acylbenzene. 



+ 


ch 3 



+ HCI 


Methylbenzene (toluene) 


COCHj 



acetylbenzene (acetophenone) 


Toluene is a homologue of benzene and acetophenone is an aromatic ketone, 

17.6.4 Miscellaneous Reactions 

In this category, we will consider two reactions: 

(i) fragmentation of alkanes, and 

(ii) acidic character of alkynes. 

i) Fragmentation of Alkanes: When alkanes are heated to high temperatures (about 
700-800K) or to a slightly lower temperature in the presence of alumina or silica 
catalysts, they break down to give smaller alkanes and alkenes.- This process is 
known as fragmentation or cracking and is discussed earlier in this Unit. 

ii) Acidic Character of Alkynes: Alkynes react with strong bases like NaNIU to 
form acetylides. The acetylenic hydrogen atom is removed as a proton by the strong 
base leading to the formation of a stable carbanion. 

R—C = CH + NaNHi-*■ R—C = C'Na + + NH 3 

(Sodium acetylide) 

Acetylides react with alkyl halides to produce acetylene homologues. 

R—C s= C'Na + + CH 3 Br--R—C ~ C—CH 3 + NaBr 

The acetylenic hydrogen of alkynes can also be replaced by copper (I) or silver ions. 
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in ammomcal medium 

R—C = CH + Ag (NH 3 ) 2 + OH--►R—C = C Ag + H 2 0 + 2NH 3 

White ppt 

R—C = CH + Cu (NH 3 ) 2 + OH--►R—C = CCu + H 2 0 + 2NH 3 

Red ppt 

The reactions show that alkynes are acidic in nature. Alkanes and alkenes do not 
give these reactions 

The acidic character of alkynes may be explained in terms of the character of the 
sp hybridised orbital. An electron m an j orbital is more tightly held than in a p 
orbital because the 5-electrons are closer to the nucleus. Since there is more s- 
character m sp orbitals compared to sp 2 and sp 3 orbitals, the electrons in sp orbitals 
are held more strongly by the nucleus than sp 2 and .^electrons In other words, the 
sp hybridised carbon is more electronegative than sp 2 and sp 2 hydridised carbon 
atoms. Due to this, the hydrogen of acetylenic carbon develops a more positive 
charge and is acidic in character. The acidic character of hydrocarbons decreases in 
the following order. 

HC = CH>H 2 C= ch 2 >ch 3 - ch 3 

Compared to organic acids like ethanoic acid (acetic acid), hydrocarbons are very 
weakly acidic. Ethyne (acetylene) is about 10 20 times less acidic than ethanoic acid 
and ethane, about 10 40 times less acidic. 


EXERCISES 


17.1 What is straight-run gasoline’ Describe the pnnciple of obtaining straight-run gasoline 
from petroleum 

17.2 Explain the term ‘knocking’ What is the relationship between the structure of a 
hydrocarbon and knocking’ 

17.3 (i) Describe a scale for measuring the quality of gasoline 

(li) A sample of gasoline produces the same knocking as a mixture containing 35% 
n-heptane and 65% iso-octane What is the octane number of the sample? 

17.4 Explain the following processes 

(0 cracking 
(u) reforming 

17.5 Describe different methods to improve the quality of a fuel used in a gasoline engine 

17 6 Explain the following with examples' 

(i) Wurtz Reaction 
(li) Kolbe’s Electrolytic method 
■ (in) Hydrogenation 
(iv) Dehydration. 



462 


CHEMISTRY 


17.7 How are the following conversions carried out? 
j (i) propene to propane 

(ii) acetylene to ethane 

(iii) ethyl alcohol to ethene 

/ (iv) sodium acetate to methane 
■' (v) propene to 2-bromopropane 
(vi) methane to tetrachloromethane 
_ (vii) benzene to nitrobenzene 

17 8 Write the equations for the preparation of piopync from acetylene. 

17 9 What happens when 

(i) 1-bromopropane is heated with alcoholic caustic potash 
(n) 2-piopanol is heated with alumina at 630 1C 

(iii) benzene is treated with a mixture of concentrated sulphuric and nitric acids 

(iv) ethene is treated with an alkaline potassium permanganate solution (cold) 

(v) benzene is treated with bromine in the presence of aluminium bromide as catalyst 

17.10 What is a Gngnard reagent? How is propane prepared from a Grignard reagent7 

17.11 Wntc short notes on. 

(i) Friedel Crafts reaction 
(ti) Additiom reaction 

(iii) Markownikoffs rule. 

17.12 Explain the term ‘polymerisation’ with two examples 
17 13 Give reasons for the following 

(0 The boiling points of hydrocarbons decrease with increase in branching 

(ii) Unsaturated compounds undergo addition reactions 
(iit) Acetylene is acidic in character. 

17.14 Describe a method to distinguish between ethane, ethene and ethyne. 



UNIT18 



ORGANIC COMPOUNDS 


Chemists are obsessed with purity. 


OBJECTIVES 


In this Unit, we shall learn 

* the principles involved in the different methods of purification like 
crystallisation, sublimation, distillation, extraction and chromatogra¬ 
phy; 

* the applicatiop of the above principles for the purification of some 
simple mixtures, 

* the chemical reactions involved in the qualitative analysis of organic 
compounds using the sodium fusion test; 

* the different methods of quantitative analysis to determine the percen¬ 
tage composition of different elements m organic compounds; 

* calculation of empirical and molecular formulae and molecular masses 
of organic compounds by different methods, 
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THE STRUCTURAL FORMULA of an organic compound isolated from a natural source 
or prepared m the laboratory, can be determined by following a systematic proce¬ 
dure. The different steps employed in the study of organic compounds are. (a) 
purification, (b) qualitative analysis, (c) quantitative analysis, (d) molecular mass 
determination, (e) calculation of the empirical and molecular formulae, and (f) 
determination of structure by one or more of several methods including chemical 
synthesis. In this Unit, we shall deal with some of the methods commonly employed 
for the purification and characterisation of organic compounds. 

18 1. PURIFICATION 

Before investigating the structure and properties of an organic compound,it is most 
essential to obtain it in the pure form Methods of separating organic compounds 
from one another and purifying them depend on the differences in their physical 
properties. The common techniques used are' (a) crystallisation, (b) sublimation, (c) 
distillation, (d) differential extraction, and (e) chromatography. 

The melting point, the boiling point and the refractive index are generally used 
as the criteria of purity of an organic compound. This is because each pure 
compound possesses a distinct set of physical properties which differentiate it from 
other compounds. In recent years, more sophisticated methods are also employed to 
check purity of compounds, the methods include spectroscopic techniques and 
different forms of chromatography. 

18.1.1 Crystallisation 

This is an important procedure for purifying solids wherein impurities of differing 
solubility are removed Briefly, the method consists of dissolving the solid in a 
solvent in which it is sparingly soluble at room temperature but appreciably soluble 
at higher temperatures This is achieved by heating Once the bulk of the solid has 
dissolved, any insoluble impurities present are removed by filtration. On cooling, the 
pure solid crystallises out. Frequently, to enchance the recovery of the solid, the 
solution is either concentrated-by partial evaporation of the solvent or diluted with a 
solvent in which the substance is less soluble The crystals are separated by filtration 
and then dried 

Let us take the case of sugar containing an impurity of common salt This can be 
purified by treating the mixture with ethanol around 348 K. The sugar will dissolve 
whereas common salt remains insoluble, The filtrate on concentration and cooling 
will yield pure crystals of sugar Choice of the solvent is very crucial in such 
operations. Had water been taken as the solvent in the above case, purification of 
sugar would not have been possible, because both sugar and common salt are 
readily soluble in water, 

Be nzoic a cid mixed with naphthale ne can be purified by treating the mixture 
with hot water. "Benzoic acid dissolves~while Haphthalene remains insoluble The 
hot solution is filtered and cooled Pure benzoic acid crystallises out and is separated 
by filtration. Again we see the importance of the choice of a suitable solvent If 
benzene had been taken as a solvent in the above case, purification of benzoic acid 
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would not have been possible, because both naphthalene and benzoic acid are quite 
soluble in benzene. 

In case the difference in solublitity of two substances in solvent is not very 
marked, fractional crystallisation, involving a series of repeated crystallisations is 
carried out. 

18 1,2 Sublimation 

This is a method of limited application and is used to purify those solids which 
sublime readily and contain non-volatile impurities. Certain substances like naphtha¬ 
lene, benzoic acid and camphor on heating are converted to vapours without passing 
through the intervening liquid state. The vapours on cooling yield crystals of the 
pure solid compounds This process is called sublimation. 

18 1 3 Distillation 

This is an important method for purifying liquids and is based on differences in 
boiling points Simple distillation involves the conversion of a liquid into vapour by 


to sink 



simple packed 
column 


bubble plate 
column 


(a) 


(b) 


Fig. 18.1 (a) Fractionating columns,(b) Assembly for fractional distillation 
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heating and then condensation of the vapour into another flask For example, 
distillation can be used to separate ether (boiling at 308 K.) or hexane (boiling at 342 
K) from other liquids boiling above 370 K (e g, toluene boiling at 383 K). Distillation 
is also helpful in separating the non-volatile impurities from liquids. 

As we have seen earlier if the boiling points of the liquids to be separated are 
close to each other, fractional distillation is carried out by using a fractionating 
column (Fig 18.1). Several types of columns have been used but the basic principle 
is the same; a fractionating column increases the cooling surface and the vapours go 
up from the distillation flask through the column. The higher boiling liquids are 
condensed in the lower portions of the column. As the lower portion of the column 
is hotter than the upper portion, the more volatile components will volatilise and 
condense in the upper, cooler portion of the column. This amounts to repeated 
distillation*. 

High boiling liquids as well as liquids which decompose at or below their normal 
boiling points are generally distilled at lower temperatures under reduced pressure 
(Fig 18.2) With an ordinary water pump, a pressure of 10-20 mm Hg can be 
obtained and under these conditions boiling points are reduced by about 100 
degrees. Lower pressures (0.1 mm Hg) may be obtained with better vacuum pumps. 



Tig. 11.2 Apparatus jot distillation under reduced pressure 


* ‘An industrial application of fractional distillation is the separation of petroleum into various useful 
fractions about which we have learnt in Unit 17 
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It is often convenient to separate organic compounds from non-volatile organic 
or inorganic impurities by distillation with steam. This is applicable to only those 
compounds which are steam volatile and are sparingly soluble in water (e.g., aniline, 
C 6 H 5 NH 2 ). Steam distillation can be carried out by passing steam through a heated 
flask containing the liquid to be distilled (Fig. 18.3). The mixture of steam and the 
volatile organic compounds (that distils out) is later condensed and the components 
separated from each other We know that a liquid boils when its vapour pressure 
becomes equal to the atmospheric pressure (Unit 3) In steam distillation, water and 
the organic substance vapourise together and their vapour pressures together equal 
the atmospheric pressure. 

Vapour pressure of organic substance + vapour pressure of water = atmospheric 
pressure. 

Since the vapour pressure of the organic substance has to be lower than atmos¬ 
pheric pressure as per the above equation, the organic substance vapourises at lower 
temperatures. 

The proportion of the organic substance that distils over with steam is related to 
the vapour pressures as well as molecular masses by the following equation; 
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Wi _ P1M1 
W 2 P2M2 

Where W is the mass, P the vapour pressure and M the molecular mass with the 
subscripts 1 and 2 standing for water and the organic substance respectively 


18.1.4 Differential Extraction 

When an organic compound is present in aqueous solution, it can be recovered by 
shaking it with a suitable organic solvent (the compound must have to be more 
soluble in the organic solvent than in water). The organic solvent should be immis¬ 
cible with water so that the organic and water layers can be easily separated. The 
solvent on evaporation leaves behind the recovered substance. This method is 
normally applicable to non-volatile organic compounds. For example, benzoic acid 
can be extracted from water solution using benzene (Fig. 18.4). 




Fig. 18.4 Differential extraction (extraction with solvent lighter than water) 


18.1.5 ChromatogTaphy 

This method is based on the differential adsorption of the various components in a 
mixture on a suitable adsorbent It is an extremely valuable method for the separa¬ 
tion, isolation,purification and identification of the constituents of a mixture and is 
based on the general principle of phase distribution. 

The simplest chromatographic method is column chromatography. Here, a suit¬ 
able adsorbent like alumina (AI2O3) is packed in a column and this constitutes the 
stationary phase. The mixture to be separated is taken in suitable solvent and the 
solution poured on the top of the column of the adsorbent. The components are 
then eluted out by a suitable solvent (which acts as a mobile phase). The weakly 
adsorbed component will be eluted more rapidly than a more strongly adsorbed 
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Fig. 18.5 Diagramanc representation of column chromatography [ /, H and HI show the 
progressive separation of components a,h and c of a mixture with a solvent (eluent)] 

component. Such a progressive separation of a mixture is diagrammatically shown 
in Fig. 18 5 We may see separate bands in the column formed by different com¬ 
pounds in the mixture, if they are coloured 

Some of the common forms of chromatography are given in the Table 18.1. 

18.2 QUALITATIVE ANALYSIS 

Analysis of an organic compound first involves the detection of elements The 
elements commonly present in organic compounds are carbon, hydrogen, oxygen, 

TABLE 18.1 

Common Forms of Chromatography 


Type of chromatography 

Mohilej Stationary 
phase 

Uses 

Column 

Liquid/ Solid 

Preparative (large) scale separations' 

High performance liquid 

Liquid/Sohd 

Qualitative and quantitative analysis; 

(HPLC) 


preparative scale separation 

Thin layer (TLC) 

Liquid/Solld 

Qualitative analysis 

Gas liquid (GLC) 

Gas/Liquid 

Qualitative and quantitative analysis 

Paper 

Liquid/Liquid 

Qualitative and quantitative analysis of 
polar organic and inorganic compounds 
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nitrogen, halogens, sulphur and phosphorus Carbon and hydrogen are normally 
detected by strongly heating a mixture of the organic compound and cupric oxide 
The carbon present is oxidised to carbon dioxide (tested by lime water) and 
hydrogen to water (tested by anhydrous copper sulphate). 

C + 2CuO-* C0 2 + 2Cu 

2H + CuO-“H 2 O + Cu 

C0 2 + Ca(OH ) 2 -* CaC0 3 + H 2 0 

white ppt 

H 2 O + CUSO 4 .H 2 O-- CuSO„ 5H 2 0 

white blue 

Nitrogen, sulphur and halogens in the-organic compounds are detected by 
LASSAIGNE’S TEST These ekqienfs are covalently bonded inorganic compoundsjihyl 
have to be first converted into~tKe'iomcfforms. This is done by the fusion of an 
organic compound with sodium metal In this way sodium cyanide, sodium sulphide 
and sodium halides are formed. 

Organic compound containing C, H, O, N, S, Halogens + sodium 

-- NaCN + Na 2 S + NaX (X = Cl, Br or I) 

If nitrogen and sulphur both are present in the organic compound, they may give 
sodium thiocyanate (NaSCN), which in the presence of excess sodium, forms sodium 
cyanide and sodium sulphide 

Na + C + N + S-- NaCNS 

NaCNS + 2Na-- NaCN + Na 2 S 

A systematic analysis of the products obtained from the sodium fusion test enables 
us to identify the elements present in the organic compound of interest. 

A small piece of sodium is heated m a small, dry test tube till the sodium starts 
to vapourise. The tube is removed from the flame, the organic compound (about 
50-60 mg) added and the tube heated strongly for 2-3 minutes After cooling, the 
tube is carefully broken m a mortar containing water, when the sodium salts formed 
in the above reactions (i.e NaCN, Na 2 S, NaX or NaSCN) dissolve._gjs£fiss_jof 
sodium rcactswij h water .to give sodium hydroxid e. This alkaline s olution is c alled 
LasSMi^nsVSomtion, The solution is first filtered to remove Insoluble materials and 
thecleai TIlTrateTsused for further testing, 

Test for Nitrogen. The filtrate from the sodium fusion test is heated to boiling with 
ferrous sulphate crystals and \'w\, urii'led wi J, r dilute sulphury^acidlf nitrogen is 
present, a blue precipitate v. !; . ii;_» ■;j, ■ t ■ ■ V •' . - 

The reactions involved in this test are~as~ « n v . _ on reaction 

with ferrous sulphate gives sodium ferrocyamde. On heating, some of the ferrous 
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salt is oxidised to the feme salt and this reacts with sodium ferrocyanide to form 
ferric ferrocyanide 

6 NaCN + FeS0 4 -* NtuFe(CN) 6 + Na 2 S0 4 

3Na 4 Fe(CN) 6 + 2Fe 2 (SO„) 3 -* Fe 4 [Fe(CN) 6 ] 3 + 6Na 2 S0 4 

Prussian blue 


Test for Sulphur: (a) Lassaigne’s solution is acidifi ed with acetic acid and lead 
ac etate solution.j .s~ad ded to it . A black precipitate ofjead sulphide indicates the 

, presenceijisulp^hur " 

(CH 3 COO) 2 Pb + Na 2 S —— PbS + 2CH 3 COONa 

black ppt 




(b) Lassaigne’s solution is treated with podium nitroprusside solutior?, A violet^, 
colour ind icates the prese nce-af-sulfthur This colour slowly fadeTorrstanding 


Na 2 S + Na 2 Fe(CN) 3 NO • 


Na 4 [Fe(CN) 5 NOS] 

violet 


If sulphur is present along with nitrogen and sodium thiocyanate is formed during 
fusion due to insufficient sodium, then a blood red colouration appears on heating 
with ferrous sulphate, which is invariably contaminated with ferric sulphate. 


Fe 3+ + 3NaSCN ■ 


Fe(SCN) 3 + 3Na + 
ferric thiocyanate 
(blood red colour) 




Test for Halogens Lassaigne’s solution is boiled withi dilute nitric ae nLto 7 decomp ose" 
so dium cyanide or sodium sulphide (if present) to h fd rogin~ cvan idc~hmi^HVfirogSri 
su1j phi.de g'asT's jJrespectively. This solution is cooled and silver nitrate solution added 
A white precipit ate soluble^iruammonia shows chlorine, a yellowish precipitate, 


sparingly soluble in ammonia indica tes bromine a ncTa yellow precipitate insoluble in 


ammonia snows the presence of iodine, 

T" '' 11 '- —— -—— 

v NaX + AgNOj — 


AgX + NaN0 3 


Test for Phosphorus Phosphorus is detected by fusing the organic compound with 
sodium peroxide followed by extraction with watei. This aqueous solution is boiled 
with co ncentrated nitric a cid i followed by the addition of am mo nium mo lybdate 
solution . A. yellow so lutionor precipitate indicates the presence of pho sphorus. The 
yellow precipitate”is of ammonium phosphomolybdate (NII 4 ) 3 [PMo 12 0 4 o] or 
(NH 4 ) 3 P0 4 .12MoOi^ 

18 3 QUANTITATIVE ANALYSIS 

Once we have qualitatively determined the piesence of various elements in an 
organic compound, we shall have to quantitatively determine the proportions (or 
percentages) of these elements in the compound. We shall now discuss the principles 
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involved in quantitative determinations (estimations) of elements in organic com¬ 
pounds. 

18.3.1 Carbon and Hydrogen Estimation 

A known mass of the organic compound is heated in a current of dry oxygen (free 
from carbon dioxide) in the presence of cupric oxide till all the carbon is oxidised to 
carbon dioxide and all the hydrogen is oxidised to water. 

Organic compound + 0 2 — —* xCCh + 2 H 2 O 

Water and carbon dioxide thus produced are absorbed in U-tubes The one 
containing anhydrous calcium chloride or anhydrous magnesium perchlorate is for 
absorbing water and the other, having a strong solution of potassium hydroxide or 
ascarite (NaOH-CaO) is for absorbing carbon dioxide. The containers (with the 
absorbents) are weighed before the combustion is performed. The increase in the 
mass after the experiment would give the amount of water and carbon dioxide 
produced (Fig. 18 6). 



Fig. 18,6 Apparatus for estimation of carbon and hydrogen 

Let the mass of the organic compound taken be W g, increase in the calcium 
chloride U-tube (i.e., mass of water formed) be Wig, and increase in mass of potash 
U-tube be W 2 g, (i.e., mass of CO 2 formed). 

44 g of CO 2 = 12 g of carbon 

Percentage of carbon = X 100 

18 g of H 2 0 = 2g of hydrogen 
Percentage of hydrogen =~ X ^ X 100 

18.3.2 Nitrogen Estimation 

Nitrogen can be estimated by either of the two methods. ( 1 ) Dumas’ method, (li) 
Kjeldahl’s method 
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(i) Dumas' Method: A known mass of the organic compound is heated with cupric 
oxide in an atmosphere of carbon dioxide. The carbon and hydrogen are oxidised to’ 
carbom”dioxide~arKf “wafer respectively while nitrogen is set free. If any oxide of 


nitrogen is produced during this process, it is reduced ba ck to free nitro gen.. hu 
passing over a h eated copper gau ze. This gaseous mixture is collected over a n 
aqueou s solution of potassium-hydro xider All the gases except nitrogen are absorbed 
in the solution (Fig. 18.7) The volume of gas collected is measured and this is 


equivalent to the nitrogen set free from the compound 


Let the mass of the organic compound be W g 


Volume of nitrogen collected 
Atmospheric pressure 
Room temperature 

Volume of nitrogen at STP 


Vi cm 3 
Pi mm Hg 
Ti K 

P 1 V 1 X 273 
760 X Ti 

A cm 3 


Mass of A cm 1 of nitrogen at STP 
Percentage of nitrogen 


28 X A „ 
22400 6 
28 A X 100 
22400 X W 


(ii) Kjeldahl's Method. Many nitrogen containing organic compounds when heated 



Fig, 18,7 Apparatus for the estimation of nitrogen by Dumas method 







474 


strongly with concentrated sulphuric acid are converted m.ant.to* , ■ 

ium sulphate (Fig. 18.8a). d quantitatively into ammon- 

The solution is heated with excess of sodium hydroxide (Fie 18 rm 
gas thus liberated is absorbed in a known volume ftakeif ‘evs' ^ ammonia 
solution of acid The amount of acid neutralised can he CSa) u of a standard 

solution against a standard alkali solution and this would cn rmined , by tltra ting the 
of ammonia produced. WOuld corres P^ to the amount 

(Organic compound with nitrogen) + H 2 SO„-* (NH^SO, 2NaOH 

2NH. + H.SO.-■(NH.hSO. + 2NH > + 2H,0 



Let the mass of the organic compound taken be W g 


Amount of acid of normality N| 

neutralised by ammonia 

But 1000 cm 1 of normal ammonia 

Vi cm 3 of Ni acid 
= 14 

— 1000 X Vl X Ni g of nitrogen 
•• Percentage of nitrogen 


Vi cm 3 

17 g of ammonia 
14 g of nitrogen 
Vi cm 3 of Ni ammonia 

14V,Ni , . 

7000 ® of nitr °gen 

JjViNi v 100 

1000 A w 
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18.3.3 Halogen Estimation 

A known mass of an organic compound is heated with fuming nitric acid in the 
presence of silver nitrate in a special tube known as Carius tube (Fig. 18.9). Carbon 
and hydrogen are oxidised to carbon dioxide and water while halogen forms a 
precipitate of silver halide (AgX). After Alteration and washing, the precipitate is 
dried and weighed, 


Let the mass of the compound be W g 
Let the mass of the AgX formed be Wi g 
Molecular mass of AgX = atomic mass of X 


.'. Mass of halogen in Wi g of AgX = 


atomic mass of X X Wi 
molecular mass of AgX ® 


., , atomic mass of X X Wi 

.‘. Percentage of halogen = —:-:- r--— 

° molecular mass of AgX 



18,3.4 Other Elements 

(a) Sulphur Estimation: Sulphur present in an 
organic compound is oxidised in a Carius tube 
(Fig 18.9) by fuming nitric acid into sulphuric 
acid which is then quantitatively precipitated as 
barium sulphate by the addition of excess barium 
chloride. The precipitate is filtered, washed, 
dried and weighed. 

Let the mass of the organic compoud be W g 
Let the mass of the precipitate be Wi g 
• 233 g of BaSCL = 32 g of sulphur 

W, g of BaSO* = §3 * Wig 

7? Wi 

Percentage of sulphur = ^33 ’ 300 

(b) Phosphorus Estimation: A known mass of 
the organic substance is heated with fuming 
nitric acid. The phosphorus present is oxidised 
to phosphoric acid. The phosphoric acid thus 
obtained is treated with magnesia mixture* to 
give a precipitate MgNfLPCL which on ignition 
is converted into MgiPiCb. 




* Magnesia mixture is a solution containing magnesium Fig 18,9,4 Carius tube for estimation 

chloride, ammonium chloride and a little ammonia °f halogens 
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Let the mass of the organic compound be W g 
Mass of Mg 2 P 2 O 7 obtained on ignition = Wi g 
222 g of Mg 2 P 2 0 7 s 62 g of P 

Percentage of phosphorus = ^0 

(c) Estimation of Oxygen' The percentage of oxygen in an organic compound is 
normally obtained by subtracting the sum of the percentages of all other elements 
from 100 . 

A few decades ago, large amounts (about 1 g or more) of the pure compounds 
were needed for quantitative analysis. Now-a-days, the techniques have become so 
refined and precise that a complete analysis can be done with only 3 to 4 mg of the 
substance. These analyses are generally accurate within ± 0 03% Automatic analysers 
for carbon, hydrogen and nitrogen give very quick analysis (in a few minutes). 

18.4 DETERMINATION OF MOLECULAR MASS 

Molecular mass of organic compounds are determined by a number of methods. 
This information becomes essential to fix the molecular formulae of compounds. We 
shall now discuss the principles of some of these methods. 

18.4.1 Victor Meyer’s Method 

This is a convenient method for the determination of molecular masses of volatile 
substances. A known mass of a substance is converted into vapour. The vapour is 




substance) 


Fig. 18.10 Diagramatic representation of Vidor Meyer's apparatus for determination of vapour density of a 
volatile substance 
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made to displace an equal volume of air which can he collected over water. The 
apparatus employed in Victor Meyer’s procedure is diagrammatically shown in Fig. 


18.10. 


Let the mass of the organic compound be W g 
Volume of air displaced = Vi cm 3 
Pressure of the air = P mm Hg 
Room temperature = TiK 
Volume, V 2 of air displaced at STP, 

_PXViX273 
Ti X 760 


= volume of vapour at STP 


Thus, V 2 cm 3 of the vapour of the substance at STP weighs = W g 
Therefore, 22,400 cm 3 of vapour of the substance at STP should 


weigh — 


W X 22,400 
V 2 


Molecular mass of the substances = 


W X 22,400 
V 2 


18.4 2 Molecular Mass by Elevation of Boiling Point or 

Depression of Freezing Point 

If an organic compound is non-volatile, its molecular mass can be determined by 
measuring depression in freezing point or the elevation in boiling point of a solvent 
caused by dissolving a known mass of the substance (solute) in a known mass of the 
solvent. The principles of these methods will be discussed in class XII 

18 4.3 Volumetric Method 

This is applicable to acids as well as to bases. A known mass of the acid is dissolved 
in water or neutral alcohol and titrated against standard alkali solution using 
phenolphthalein as indicator, 

Let Vi cm 3 of Ni alkali be used for neutralisation of W g of the acid 
Then Vi cm 1 of Ni alkali = W g of acid 

1000 cm 3 of N alkali = ^ X ^ 

V! Ni 

Molecular mass = X X basicity of acid 
Vi Ni 

18.5 CALCULATION OF EMPIRICAL AND MOLECULAR FORMULAE 

The empirical formula of a compound is defined as the simplest formula that shows 
the ratio of the atoms of various elements in a molecule. This is normally calculated 
from the percentage composition of the elements in the molecule according to the 
following rules: 

1. The percentages of all the elements are divided by their respective atomic 
masses. 



478 


CHEMISTRY 


2. The numbers thus obtained are divided by the lowest of the above numbers. 
The quotients are normally whole numbers. If they are not whole numbers, 
they are converted to whole numbers by multiplication with a suitable 
common I actor. 

Let us take an example where we need to calculate the empirical formula of an 
organic compound which has 61.00% of carbon and 11.88% of hydrogen Now the 
sum of the percentage of carbon and hydrogen is less than 100. So the third element 
must be oxygen having percentage — 100 — (61 00 + 11.88) = 27.12%. 

The empirical formula is then calculated as follows. 


Element Pert village Relative \o 

<>/ atoms 


Dividing by Simple 

smallest factor whole No, 

ratio 


Carbon 

hi 1)0 

QLffl — 5 08 

—= 2.99 

3 



12 

1.70 


Hydiogcn 

11 88 

J_LM = ! 1 8 8 

Vi?-«9 

1 70 

7 



27.12 

1 7(1 


Oxygen 

27.12 

1.70 

6 

II 

it 5 

1 


Empirical formula C 1 H 7 O 

The molecular tormula of a compound gives the actual number of atoms of each 
element piesent in the molecule. The molecular formula may be the same as the 
empirical foimula or a simple multiple of it. 

Molecular formula = Empirical formula X n 

■ n — Molecular mass 

Empirical formula mass 

In the problem on empirical formula worked out earlier, if the molecular mass of 
the compound is 118, the value of n will be 2. This is because the empirical formula 
(C 3 H 7 O) mass is 59 and n = 118/59 ~ 2, The molecular formula is therefore 
CsHuOj. 

18.6 SOME WORKED OUT EXAMPLES IN ORGANIC 
QUANTITATIVE ANALYSIS 

Example f&I 

In a Dumas nitrogen estimation method, 0 30 g of an organic compound gave 
50 cm 1 of nitrogen collected at 300 K and 715 mm pressure. Calculate the percentage 
composition of nitrogen in the compound (vapour pressure of water at 300 K is 15 
mm). 
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Solution■ 

Volume of nitrogen 

Temperature 

Pressure 

Vapour pressure of water 
Actual pressure over the gas 


= 50 cm 3 
= 300 K 
= 715 mm 
= 15 mm 

= (715 — 15) = 700 mm 


PiVi P 2 V 2 700 mm X 50 cm 3 _ 760 mm X V 2 
TT " T 2 ° r 300 K - 273 K 


V 2 = 


273 X 700 X 50 
300 X 760 


= 41.9 cm 3 


22,400 cm 3 of nitrogen at STP weighs 28 g 

41.9 cm 3 of nitrogen at STP will weigh = — * 4 ^ g 

Therefore percentage of nitrogen = ^22^400 X *0 3^ = ^-46% 

Example 18.2 

0.50 g of an organic compound was treated according to Kjeldahl’s method. The 
ammonia evolved was absorbed in 50 cm 3 of IN H2SO4 The residual acid required 
60 cm 3 of N/2 NaOH solution. Find the percentage of nitrogen in the compound, 

Solution • 

60 cm 3 of N/2 NaOH = 60 cm 3 of N/2 H 2 S0 4 
= 30 cm 3 of N H 2 S0 4 

Amount of normal H2SO4 consumed by ammonia 
= (50—30) cm 3 = 20 cm 3 
30 cm 3 of N H 2 S0 4 = 20 cm 3 of N NH 3 solution 
1000 cm 3 of N NH 3 solution contains 14 g of nitrogen 
Therefore 20 cm 3 of N NH 3 solution will contain 


= l i I ^f = 0.28 g of nitrogen 

Thus, 0.5 g of the organic compound contains 0.28 g of nitrogen Therefore 
percentage of nitrogen is 


_ 0.28 X 100 = 56% 
0.50 /0 


Example 18.3 

0.15 g of an organic compound gave 0.12 g of AgBr by the Carius method. Find 
the percentage of bromine in the compound. 

Solution: 

Molecular mass of AgBr = 108 + 80 = 188 g/mol 
188 g of AgBr contains 80 g of bromine 
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Therefore 0.12 g of AgBr will contain —- 2 


= 0.051 g of bromine 

Therefore, percentage of bromine in the compound 


_ 0.051X100 _ 

- -^3-34% 


Example 18,4 

4. 0.35 g of a volatile liquid in the Victor Meyer’s method displaced 86.5 cm 3 of air 
at S.T.P. Calculate the molecular mass of the liquid. 

Solution: 

Volume of the liquid vapour = volume of the air displaced 

= 86,5 cm 3 at S.T.P. 

86.5 cm 3 of the vapour weighs 0.35 g 

Therefore 22,400 cm 3 of the vapour weighs = = 90.64 g 

But 22,400 cm 3 is the volume occupied by the molecular mass of the liquid at 
S.T.P. 

Therefore the molecular mass of the liquid = 90.64 
Example 18.5 

5. On analysis, 0.2 g of a monobasic acid gave 0.505 g of CCh and 0.0864 g of 
H 2 O, 0.305 g of this acid required 25 cm 3 of N/10 sodium hydroxide for neutra¬ 
lisation. Find the molecular formula of the acid. 

Solution ; 

To solve this problem, the empirical formula is first calculated. The molecular 
mass is obtained using the volumetric data. Together, these two can be employed to 
determine the molecular formula of the acid, 
a) Calculation of empirical formula 

Weight of the sample used for analysis ~ 0.20 g 
Weight of carbon dioxide obtained = 0.505 g 
44 g of carbon dioxide contains 12 g of carbon 
Therefore 0.505 g of carbon dioxide contains 

__ 0.505X12 
44 

= 0.138 g of carbon 

Therefore percentage of carbon = 

= 69% 

Weight of water obtained = 0.0864 g 
18 g of water contains 2g of hydrogen 
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Therefore 0.0864 g of water contains — 0 . 0864 X 2 

1 O 

= 0 0096 g of hydrogen 

Therefore percentage of hydrogen = 0- 0096^ 100 


= 4.8% 

As the percentages of carbon and hydrogen add up to 73.8%, oxygen should 
constitute the remainder. Therefore the percentage of oxygen = 100 — 73.8 = 26.2%. 
As explained in Section 18.5 the empirical formula is calculated 


Element 

Precentage 

Relative 

Dividing by 

Simple whole 



No of atoms 

smallest factor 

No ratio 

Carbon 

69 00 

' ^=575 

^=351 

7 



12 

1 64 


Hydrogen 

4 80 

-^ = 4 80 


6 

Oxygen 

26 20 

26 20 1 xa 

16 " 164 

i^U,00 

1 64 

2 


Therefore the empirical formula is C 7 H 6 O 2 
b) Calculation of the molecular mass 

0.305 g of acid requires 25 cm 3 of N/10 sodium hydroxide for neutralisation. 
25 cm 3 of N/10 sodium hydroxide = 0 305 g of acid 

Therefore 1000 cm' of N sodium hydroxide = ~ 25XoH^ ~ 

= 122 g of acid 

Therefore the molecular mass of the acid = 122 X basicity 

= 122 X 1 = 122 

Therefore the molecular formula = Empirical formula X n 


where n = 


Molecular mass 
Empirical formula mass 


Empirical formula mass = 7X12-1-6X1+2X16— 122 


Therefore n = = 1 

Therefore the molecular formula of the acid is C 7 H 6 O 2 


18.7 MODERN METHODS OF STRUCTURE ELUCIDATION 

The rapid development of scientific instrumentation has progressed to a point that 
the complete structure of a compound can be obtained in a mattei of days, 
Molecular weights and molecular formulae are readily determined from mass spectro- 
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metry, The types of functional groups present in a molecule are found from elec¬ 
tronic, infra-red and nuclear magnetic resonance spectroscopies Finally, the complete 
three dimensional structure of the molecule, including bond lengths and bond angles 
is determined from X-ray diffraction In contrast to the classical methods discussed 
in this Unit, these methods need very small amounts of the sample. All these 
methods have made the structure determination of a compound a much simpler task 
than it was a few decades ago. A detailed discussion of the scope and application of 
these methods is beyond the scope of this book 


EXERCISES 


18 1 Explain with an example the following terms: 

(i) crystallisation, (ii) sublimation, (iii) simple distillation, (iv) fractional distillation, (v) 
distillation under reduced pressure, (vi) steam distillation, (vii) extraction with a 
solvent, (viii) chromatography. 

18 2 (i) Will you get any precipitate if you add silver nitrate solution to chloromethane? If 

not, why? 

(ii) Write the chemical equations involved in the detection of nitrogen, halogens, 
sulphur and phosphorus, present in an organic compound 

18.3 0.45 g of an organic compound gave on combustion 0.792 g of CO 2 and 0 324 g of 
water. 0.24 g of the same substance was kjeldahhsed and the ammonia formed was 
absorbed in 50.0 cm 3 of N/4 H 2 SO 4 , The excess acid required 77.0 cm 3 of N/10 
NaOH for complete neutralisation. Calculate the empirical formula of the compound. 

18.4 0 45 g of an organic compound containing only carbon, hydrogen and nitrogen on 
combustion, gave 1 1 g of carbon dioxide and 0.3 g of water. What is the empirical 
formula of the compound? 

18.5 What is the empirical formulae of the compounds whose analysis percentages are 
given below 

( 1 ) C = 41,35, H = 6 89, N = 24.12 

(ii) C = 60, H=13.3 

(ill) C = 65 73, H= 15.06, N= 19.21 

(iv) C = 50 4, H = 9 25 

(v) C = 10, H = 0.84, Cl = 89,2 

(vi) C = 71.4, H = 3.78, N = 7.57, S = 17,3 

(vii) C = 28.2, H = 1,57, S = 12.5, Cl ~ 13.9, Br = 31.2 
(viii) C = 39.2, H = 9,79, P = 33.7 

18.6 1.01 g of an organic compound containing 41.37% carbon and 5 75% of hydrogen on 
kjeldahlising, required 11.6 cm 3 of IN HC1. In Carius determination 0.2006 g of the 
substance gave 0 5544 g of barium sulphate Find the formula of the compound 

18 7 A compound (molecular mass 147) contains 49.0% carbon and 2.72% hydrogen 2 561 
mg of the compound gave 5.00 mg of silver chloride in Carius estimation. Find the 
molecular formula of the compound 
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18.8 0 246 g of an organic compound containing 58.53% carbon and 4.06% hydrogen gave 

22.4 cm 3 of nitrogen at STP What is the empirical formula of the compound? 

18 9 0.246 g of an organic compound gave 0.198 g of carbon dioxide and 0,1014 g of water 

on complete combustion. 0.37 g of the compound gave 0.638 g of silver bromide. 
What is the molecular formula of the compound if its vapour density is 54.4? 

18.10 0.1 g of an organic monobasic acid gave 0.2545 g of CO2 and 0.04428 g H2O on 
combustion. 0 122 g of the acid required for neutralisation 10 cm 3 of a N/10 alkali. 
Determine the moleuclar formula of the acid, 

18.11 An acid of mol. mass 104 contains 34.6% carbon, and 3 85% hydrogen. 3.812 mg of 
the acid required 7 33 cm 3 of 0.01 N NaOH for neutralisation, Suggest a structure for 
the acid. 



Living forms are composed of cells 
and cells are factories of chemicals 


OBJECTIVES 

After studying this Unit, we shall be able to- 

* list the basic chemical constituents of a cell; 

* know the natural sources of carbohydrates and their chemical com¬ 
position, 

* name the important functions of proteins; 

* define the primary, secondary and tertiary structure of proteins; 

* understand the basic properties of fibrous proteins such as silk, wool, 
hair from chemical structure; 

* explain the importance of enzymes; 

* know the basic composition of nucleic acids; 

* explain the double helical structure of DNA; 

*' describe the two important biological functions of nucleic acids; 

* explain how viruses cause disease; 

* describe the chemical constituents of cell thembranes. 
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IN THE PREVIOUS UNITS, we studied the various types of simple organic molecules 
and their chemical reactions. In this Unit, we shall study molecules which form the 
basis of life and which are more complex in structure 

19.1 THE CELL 

All living creatures are made of cells Cells are the smallest 111111 -, ,>f life. They are 
indeed very small and are invisible to the naked eye, They wen- tirst seen over 300 
years ago, soon after the construction of the first microscope Cells (Figure 19.1) are 
essentially packets of chemicals necessary for life, enclosed in an envelope known as 
cell membrane. The most important characteristic of a cell is its ability to grow and 
divide to provide daughter cells. These likewise are capable of generating new 
progeny cells 



Fig. 19.1 Structural component of a cell The outer boundary of the cell plasma membrane separates the 
extracellular matrix and the cytoplasm of the cell Golgi apparatus is a membrane hound, flat sac which is 
packed with macromolecules for secretion and delivery to other oiganelles The endoplasmic reticulum 
present in eukaryote cells contains on us outer surface ribosomes engaged m protein synthesis. The nucleus 
contains the chromosomal DNA packed with histone proteins. Mitochondria are the power plants of all 
enkaryotic cells which harness energy from food to make ATP Lysosomcs contain hydrolytic enzymes 
involved in Intracellular digestion 


A living cell is composed of a restricted set of elements, six of which, C, H, N, O, 
P and S make up more than 99% of its weight. The most abundant subtance in a 
living cell is water (Table 19.1) which amounts to about 70% of the weight of cells. 
Next to water, all but a tiny fraction of the cell are carbon compounds. These fall 
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into two different classes. The first class are the ‘small molecules’ having molecular 
masses in the range of 100 to 1000, containing upto 30 carbon atoms. These are 
found free in solution in the cytoplasm of the cell. They form a pool of intermediates 
from which the second class of molecules, the ‘macro-molecules’ are synthesised 

TABLE 19 I 

Approximate Chemical Composition of a Bacterial Cell* 


Percent of total cell weight 

Water 

70 

Inorganic ions (Na*, K.*, Mg 2 *, Ca 2 J Circle 

1 

Polysaccharides 

2 

Proteins 

15 

Nucleic acids DNA 

1 

RNA 

6 

Phospholipids 

2 

Miscellaneous small molecules 

3 


* I oul cell volume = 2 X 10 2 cm' 


The macromolecules in a cell are polymers of very high molecular masses. 
Among these,- the most important are carbohydrates, proteins and nucleic acids 
Proteins and carbohydrates constitute two of the three principal classes of our food 
inlakc. Carbohydrates serve as energy sources and structural material of plants 
Pi oleins are found in all parts of the body and they have an enormous variety of 
functions Some proteins are structural components of skin, muscle and hair. Others 
control the transmission of nerve impulses; still others are enzymes or biocatalysts 
which accelerate many reactions in cells The deoxy ribo nucleic acid.DNA, is the 
molecule in which an organism stores information about its genetic characteristics 
for transmission! from generation to generation. 

19.2 CARBOHYDRATES 

Carbohydrates occur widely in natuie Among its many forms are starch, cotton, 
table sugar and wood Besides carbon, they consist of hydrogen and oxygen in a 
ldtio 2i, as in water itself Thus these are the ‘hydrates of carbon’ represented by 
the general formula C*(H20) y where x and y are integers. They are synthesised by 
green plants from CO 2 and I-I 2 O in the presence of sunlight by a process called 
PHOTOSYNTHESIS. 

XCO 2 + y H 2 O-Cx(H 2 0) y -T x0 2 

Carbohydrates can be classified into three main groups 1 MONOSACCHARIDES, DIS- 
ACC HA rides and POLYSACCHARIDES Monosaccharides or simple sugars, are car¬ 
bohydrates that cannot be broken into smaller units upon hydrolysis They comprise 
mainly of C3 to C7-carbon compounds. Disaccharides produce two monosaccharide 
units on hydrolysis Polysaccharides produce a number of sugar units on hydrolysis 
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19.2.1 Monosaccharides 

There are about twenty monosaccharides which occur naturally All monosaccharides 
are polyhydroxy compounds as they possess a number of alochohc groups In 
addition, they also contain either an aldehyde (H—C = 0) or a keto >C = O) 
function Depending upon the number of carbon atoms they possess (Table 19 2), 
the monosaccharides may be subdivided as TRIOSES, tetroses, pentoses, HEXOSES 
or HEPTOSES. They are also designated as ALDOSES or ketoses depending on 
whether they contain aldehyde or ketone groups 

TABLE 19 2 


Monosaccharides 


Class 

Molecular Formula 

Examples 

Trioses 

C 3 H 6 O 3 

Glycerose 

Tetroses 

C 4 H 8 O 4 

Erythrose 

Pentoses 

CsHioOs 

Ribose 

Hexoses 

CsHijCE 

Glucose, Fructose 


The monosaccharides are highly soluble in water due to the presence of a 
number of hydroxyl groups. They are sweet in taste and char on heating. They show 
chemical reactions characteristic of both hydroxyl and carbonyl groups 

The trioses are formed during the course of metabolic breakdown of the hexoses 
The most important monosaccharides are nbose, glucose and fructose The Cs sugar 
RIBOSE, is an important chemical constituent of the nucleic acids. 


CHO 

CHO 

CH 2 OH 

l 

j 

CHOH 

j 

CHOH 

C = 0 

1 

| 

CHOH 

| 

CHOH 

CHOH 

I 

| 

CHOH 

CHOH 

CHOH 

j 

| 

CH 2 OH 

| 

CHzOH 

| 

CHOH 

| 

| 

CH 2 OH 

CH 2 OH 

CHzOH 

Ribose 

Glucose 

Fructose 


Glucose\ This aldose sugar occurs abundantly in plants and animals It is found in 
juices of fruits, saps and plants, blood and tissue of animals It is the immediate 
source of energy for energy requiring cellular reactions in the body such as tissue 
repair, macromolecular synthesis, muscle movements, etc. An average adult has five 
to six grams of glucose in his blood This is sufficient to supply energy for about 
fifteen minutes and is continuously replaced in the body Urine usually contains a 
trace of glucose, but its concentration is greatly increased m the urine of untreated 
diabetes patients. Glucose occurs in two isomeric forms' a and fi. It is the major 
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structural component of some important higher saccharides such as sucrose 
MALTOSE and LACTOSE. 

Fructose: This is a ketose monosaccharide which is also present in honey and fruit 
juices. It can be converted into glucose in the liver and intestine and hence used in 
the body. It is the sweetest of all the monosaccharides. 

19.2.2 Disaccharides 

The disaccharides are sugars which can be hydrolysed into two monosaccharides 
(Table 19 3 ). The three most important monosaccharides are maltose, lactose, and 
sucrose Maltose or malt sugar is obtained from partial hydrolysis of starch and 
consists of two glucose units joined together. Sucrose or table sugar is isolated from 
the juice or sap of plants such as sugarcane, sugar beet, pineapple and carrot roots. 


TABLE 19 3 
Disaccharides 


Piun charities 

Monosaccharide components 

Maltose 

Glucose + Glucose 

Sir rose 

Glucose + Fructose 

1 .ILlOSC 

Glucose 4- Galactose 


1 he liydiolysis of sucrose by acid or enzyme gives its monosaccharide components 
which aie an equimolar mixture of glucose and fructose. The mixture is called ‘invert 
sugai’ and honey is a rich natural source of invert sugar The gooey syrup that 
bathes chocolates is also invert sugar. Lactose or milk sugar occurs to about 5% in 
cow's milk and 7% in human milk. 

19 2.1 Polysaccharides 

Polysaccharides are polymers in which the monomeric units are the monosaccharides, 
flic two important polysaccharides are starch and CELLULOSE (Table 19 4). 

I AIM I 19 4 
Polysaccharides 


(—( llllCOSC — GlllCOSL )„ 

'(lluiosc 

'ilanh I—Glucose—Glucose—Glucose—Glucose —)„ 

I 

-Glucose 

Brum licit poh mo 

C fllutoH• t—Glucose—Glucose—Glucose—Glucose—) n 


I iin'iit poll mei 
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Starch is a polymer consisting entirely of a-glucose units and is the major storage 
form of glucose in plants. It is the most important food source of carbohydrate and 
is found in cereals, potatoes, legumes and other vegetables. Cellulose is the chief 
structural component of wood and other plants. It accounts for more than one-half 
of the constituents of all living matter. Cotton is made up of 80% cellulose. The 
monomeric unit in cellulose is /3-glucose as compared to the a-glucose units of 
starch This difference has a tremendous effect on the chemical structure and 
properties of cellulose and starch. Cellulose is a linear polymer and mechanically 
much stronger than starch which occurs as a branched polymer. 

Humans do not possess the enzymes necessary to break down cellulose into glucose 
and hence are unable to digest cellulose Animals such as cow and deer have 
intestinal bacteria that produce necessary enzymes for breaking down cellulose into 
glucose If chemists could find a simple way to break cellulose down to glucose, we 
would have another important source of food 

19.3 PROTEINS 

Proteins are the most complex of all macromolecules found in living cells They are 
very vital to living organisms as they perform a wide variety of biological functions. 
In addition they are also stiuctural components of certain tissues. Some of the 
important proteins and their functions are given in Table 19 5. 

TABLE 19 5 


Type 

Examples 

Function 

Enzymes 

Trypsin, pepsin 

Catalysis of biochemical reactions 

Transport 

Haemoglobin 

Transport of oxygen from lungs to various 
tissues through blood stream 

Storage 

Myoglobin 

Stores oxygen in muscles until it is needed 
for energy production 

Motion 

Myosin, Actin 

Involved in muscle movement 

Structural 

Collagen, Keratin 

Structural and protective function 
occurs in hairs, nails, teeth, etc 

Information transmission 

Insulin, Glucagon 

Hormones 


Proteins are polymers and the monomeric units in them are the amino acids. 

19.31 Amino Acids 

Ammo acids are molecules that have both an amino (—NHj) and a carboxylic 
(—COOH) group The amino acids m proteins are called a-amino acids because they 
have both the ammo and carboxylic groups attached to the same carbon atom. 
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Side chain- 


-R 


Alpha carbon 


HnN-C-COOH 

y i <. 

Alpha amino gioup-^ " —Alpha carboxylic group 

ff-Amino acid 


There are about 20 naturally occurring amino acids that are part of protein 
structuies. They all differ in the chemical nature of the side chain R. The simplest 
amino acid is GLYCINE, for which R = H; when R = CPU, the amino acid is 
ALANINE Some amino acids have aryl side chains and some have hydroxylic, 
carboxylic,amino or thio groups present in their side chains. The nature of the side 
chain is important in determining the properties of the resulting proteins 

19 3,2 Peptide Bond 

The product of reaction between a compound containing a carboxylic acid and that 
with an amino group in called an AMIDE Amides are 


R - C-NH- R 1 + HiO 
II 
O 

Amide 

thus compounds containing the chemical. funtionality — CONH-. The amide link 
resulting from reaction between two amino acids is'called a peptide BOND. The 

R R R R 1 

II II 

h 2 n- c- cooh + h 2 n— c- coon-► h 2 n- c- conh- c- cooh 

II II 

H H H H 

Peptide 

formation of the peptide bond involves only the alpha amino and alpha carboxylic 
groups and not groups present in the side chain R. More amino acids may be added 
to a peptide in a similar fashion to obtain long linear polymers of amino acids which 
are called proteins Proteins are thus polypeptides and may contain 100-400 
amino acid units per chain, with molecular masses ranging from 15,000-60,000 or 
more. 

Proteins = aai— aa 2 — aaj— aat- 

where aa= amino acid and — represents a peptide bond 

19.3 3 Structure of Proteins 

The order or sequence in which the various amino acids are linked in protein is 
called the primary structure of the protein The differences in chemical and 


R-C-OH + H - N - R' 

& i 
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biological properties of various proteins and peptides arise due to difference in their 
primary structure. In 1953, the British chemist Frederick Sanger determined the 
first ever primary structure of a protein, that of insulin* and for this work he was 
awarded a Nobel Prize Since then, the primary structures of several hundred proteins 
have been determined. The importance of the primary structure of a protein is 
reflected in the fact that, change of just one amino acid in the sequence can disrupt 
the biological activity of the protein. For example, in haemoglobin —the protein in 
blood which carries oxygen, replacement of one specific amino acid results in 
defective haemoglobin. This causes a disease called sickle cell anaemia In these 
patients, the defective haemoglobin in red blood cells precipitates, causing the cells to 
sickle and sometimes burst. 

The long, flexible peptide chains of proteins are folded into relatively rigid 
regular conformations called the SECONDARY STRUCTURE This is largely a con¬ 
sequence of hydrogen bonding which can be formed between the C=0 and N-H 
groups of different peptide bonds.The formation of such hydrogen bonding between 
amide groups within the same chain, causes the peptide chains to coil up into a 
spiral structure called the a-helix (Figure 19.2), similar to a corkscrew. This type of 
structure is adopted by fibrous structural proteins such as those present in wool and 
hair.These proteins are elastic, i e , they can be stretched During this process, the 
weak hydrogen bonds causing the a-helix are broken.This tends to increase the 
length of the helix, like a spring. On releasing the tension, the hydrogen bonds are 
reformed, giving back the original helical shape. 



Fig. 19 2(a) (Caption on page 492) 


* Insulin is a peptide hormone- ptpduced in the 1 pancreas and is essential to the metabolism 
of carbohydrates in the body. lt contains Si amino acids arranged in twp chains Which' , 
are, cross-linked to each other. Insulin has an important’ role i'h maintaining thp sugar 
level in the blood and deficiency of insulin leads to jhabetes, JDiahetW’i* a serious apd' 
widespread disease and' (he diabetic patients have SO be administered'insulin to regulate theif 
.condition. ' - 

. 1 i ' /• . 1 Y _ , r u ' \ • ‘ r ‘ ' I'a 
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•‘iR 192 St ruitwv nj ho hies in proteins (a) I.mear peptide t ham Dotted lines indicate the possibilities of 
hydmgen bonding within the same <ham between the different peptide groups. Such intrachain hydrogen 
bonding [ (b) coloured lines ] leads to the folding of peptide chains into helical structures (c) The peptide 
backbone in a helical structure 

A different type of secondary structure is possible, when hydrogen bonds are 
formed between amide groups of two different protein chains (Figure 19.3) If the 
proteins are laid parallel to each other, a very large number of N-H ■ O = C 
hydrogen bonds can be formed between the chains. A number of such chains can be 
interbonded together to form a sheet.These sheets are then stacked one upon 
another to form a three-dimensional structure called a beta pleated sheet Silk has a 
structure of this type which gives it its characteristic mechanical properties. Silk is 
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Fig, 19,3 (a) Hydrogen bonding between peptide groups from ad/acent chains leads to formation of sheet 
structures (h) Schematic ptclwe of a fi-pleated sheet with hydrogen bonding indicated hr coloured lines 


not elastic since stretching leads to pulling the peptide covalent bonds.On the other 
hand, it can be bent easily, because, during this process, the protein sheets slide over 
each other. Silk (fibroin), wool (keratin) and hair (collagen) are examples of FIBROUS 
proteins.They are either long, rod-shaped molecules or sheet-type structures. 

19.3 4 Tertiary Structure of Proteins and Denaturation -~ 

There are other proteins such as MYOGLOBIN (Figure 19.4) in muscle and haemo¬ 
globin in blood which have more complex structures.They consist of helices, but 
the chain is folded up in a complex way to give a compact structure.These proteins 
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are called GLOBULAR proteins and are more or less spherical in shape.The folding up 
of chains into a compact form is called the TERTIARY structure of proteins. 

The disruption of the tertiary structure (DENATURATION) leads to loss of bio¬ 
logical activity and the proteins become insoluble.Proteins are denatured by a 
variety of reagents including heat, acid, high salt concentrations or heavy metals 
De naturation does not change the primary structu re, but results from a rearrange¬ 
ment of secondary and tertiary structures. 



Fig. 19.4 Myoglobin, aprolem used lo store oxygen In the muscle, It contains heme-iron group associated with 
a single polypeptide chain. The chain containing several helical regions is further folded into a compact 
structure 

Protein denaturation may or may not be reversible. Protein s of egg-white are 
gl obular and soluble When an egg is boiled hard, the protein is denatured and 
unf olds into a rubbery insol uble _mass.This is irreversible denaturation and the 
prpj gin cannot return to its original st ate.In reversible denaturation the protein 
unfolds in the presence of a denaturing agenFlike salt, but is restored to its original 
state upon removal of the reagent. 

19.3.5 Enzymes 

Amide links are chemically very stable .Normally, hydrolysis of amides in the 
laboratory requires heating the amides with alkali for a few hours.However, in a 
living system, proteins in food are hydrolysed quite easily to individual amino acids, 
How does this happen? This is because of the presence of enzymes in cells Enzymes 
themselves are globular proteins that catalyse chemical reactions in living systems; 
they are biological catalysts.A typical cell contains about 3000 different kinds of 
enzymes.Unlike many reactions in a laboratory, most bio-chemical reactions in cells 
occur in aqueous solutions at pH around 7.0, at physiological temperatures (37°C 
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or 310 K) and at atmospheric pressure. Under these conditions, the reactions do not 
occur at appreciable rates without the catalysis by enzymes 

There are two remarkable properties of enzymes, specificity and efficiency. Each 
enzyme catalyses only one type of chemical reaction They speed up the reaction by 
factors of upto 10 20 .To get some idea of the tremendous efficiency and specificity of 
enzymes, let us consider the enzyme carbonic anhydrase present in the red cells of 
blood.This enzyme catalyses the reversible reaction, the breakdown of carbonic acid 
to water and carbon dioxide. 


Carbonic anhydrase 

H 2 CO 3 ~ ...- H 2 0 + CO 2 

At ideal conditions, a single molecule of carbonic anhydrase is capable of catalysing 
the breakdown of about 36 million molecules of carbonic acid in one minute.The 
enzyme,carbonic hydrase, has an important role in maintaining the carbon dioxide 
levels in body fluids and tissues. 

The success of living forms is largely due to the cell’s ability to make a large 
number of enzymes, each specific to catalyse a particular reaction No other type of 
catalyst can match the specificity and efficiency of enzymes The deficiency of even 
one of the many enzymes in the body can cause a serious disease. For example, 
some mentally retarded children suffer from a dis ease known as phenyl ke tone 
urea, caused by the deficiency of the enzym ^PHENYLALANlNE HYDROXYLASE In 
some cases, this disease can be prevented by feeding the child with a properly 
controlled diet. 

19.4 NUCLEIC ACIDS 

One of the most amazing aspects of life is the ability of living organisms to 
reproduce themselves. At the most fundamental level, this reproduction is the self¬ 
duplication of a cell by division. In order that a cell live, it must have a record of 
amino acid sequences of all its enzymes and proteins, as they are constantly fequired 
for the production of new cells and to repair damaged cells. The differences m 
various species result from differences in the nature and content of their constituent 
proteins Thus when a cell divides, the resulting two new cells must be provided with 
identical information about their proteins. How is this information stored in a cell 
and transmitted accurately to their offsprings 7 The answer to this lies in the 
chemical structure of another class of macromolecules called NUCLEIC ACIDS Nucleic 
acids are the major constituents of the nuclei of all cells There are two types of 
nucleic acids; DEOXYRIBONUCLEIC ACID (DNA) and RIBONUCLEIC ACID (RNA). 

14.4.1 Structure of Nucleic Acids 

Both DNA and RNA are polymers of NUCLEOTIDES i.e., they are POLY 
NUCLEOTIDES A nucleotide consists of three chemical components, a sugar, a 
phosphate group and a nitrogen base residue (Fig. 19 5) There are four types of 
base residues present in DNA. Two of these bases, thymine (T) and cytosine (C) are 
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nucleotide 


nucle.o acid 



H)!. I l )‘> \i« Icolnli v me ilte inononicin mui\ ol miilcic mills 7/ff i tonsisi ol n mtronun ha\c(purine or 
piumidinc) i ol nli'iuls linked In n snutii (i those or ilcownhose) which in mm is in lathed to a phosphine. 

known as PYRIMIDINE bases The other two,adenine (A) and guanine (G),are called 
PURINE bases. RNA differs from DNA in two ways (a) the sugar residues in RNA is 
nbose whereas in DNA it is 2-deaxyribose, and (b) RNA contains the pyrimidine 
base uracil (U) instead of thymine (T) in DNA. 

The consecutive joining of the sugar unit of one nucleotide to the phosphate 
gioup of the next nucleotide results in a long chain of nucleic acid. The nucleic acid 
backbone thus consists of alternating sugar-phosphate residues. Attached to each 
sugar residue on this backbone is one of the four base residues. The primary 
structure of nucleic acids refers to the sequence of base residues attached to the 
sugar phosphate backbone 

19.4.2 The Double-Helix 

The key to understanding how DNA works lies in its three-dimensional structure. In 
1953, James Watson and Francis Crick working at Cambridge, England, proposed 
that DNA consists of two polynucleotide chains coiled together m the form of a 
double-helix (Fig 19 6). The two chains of the double-helix are held together by 
hydrogen bonds specifically between a purine and a pyrimidine base pair- A is 
linked to T with two hydrogen bonds and G is linked to C with three hydrogen 
bonds. The two chains are said to be complementary to each other, since the base 
sequence of one strand automatically fixes that of the other due to the above base¬ 
pairing principle. Watson and Crick’s proposal of the double-helix structure of DNA 
is regarded as one of the most significant contributions to science in recent times. 


19 4 3 Biological Functions of Nucleic Acids 

The two most important functions of DNA are: (i) replication and (ii) protein 
synthesis Replication is the process by which a single DNA molecule produces two 
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5' 3' 


Fig. 19.6 The double helical structure of 
nucleic acids arises from an mter-lwisted, 
twisted conformation of two polynucleotide 
strands, held together by specific hydrogen 
bonding between the bases. 



G-C 

i I 



T- A 
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G-C 

I I 

T- A 


i I 
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Fig. 19.7 The DNA during a replication process directed 
by complementary base pairing . For simplicity only base 
sequences are indicated. C and G are held together by 
three hydrogen bonds, A and Tbv two hydrogen bonds 

identical copies of itself during cell division In 
order to do this, the two strands of the double 
helix first separate and each strand serves as a 
template or pattern for synthesis of two new 
strands (Fig 19.7). Because of the base-pair 
specificity, the sequence of the new strand is 
complementary to the original. Thus replication 
leads to production of two identical copies of 
DNA from the parent DNA. A copy of each is 
then passed on to the two new cells resulting 
from cell division. > 
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DNA also acts as an instruction manual for all protein synthesis in a cell How is 
the information for this stored in the structure of DNA 1 ? A sequence of three bases 
(TRIPLET) along a DNA chain codes for a particular amino acid Thus a particular set 
of triplets (Fig. 19 8) in a stretch of DNA corresponds to a particular sequence of 
amino acids in a protein Each segment of the DNA molecule which codes for a 
complete protein is called a gene. The DNA found in a human cell contains about 
5-50 billion nucleotide bases coding for nearly one million genes. 



Fig 19 8,1 \ei o / triplet in a Urenh <>l PN4 moletuletonespmuh ro u sequent e of ammo nud\ m a pro, am 


19 4.4 Viruses 

Viruses are the lowest forms of life and are much smaller than bacteria The 
infectious nature of viruses is responsible for many diseases of plants and animals. 
Viruses which infect bacteria are called bacteriophages Influenza, mumps, measles, 
poliomyeletis, small pox, rabies and common cold are some of the human diseases 
caused by viruses 

Viruses can be considered to be living organisms as they reproduce. However, 
they are so simple constitutionally that they cannot multiply themselves as cells do. 
They first invade the host cells and take over the reproductive machinery of these 
cells. They then multiply within the host cells, break open and finally destroy them. 
The new virus particles then start the destruction of new host cells. 

Most viruses are no more than a protein coat wrapped around a nucleic acid 
core. The nucleic acid can be either RNA or DNA. Some examples of RNA viruses 
are polio virus and tobacco mosaic virus (TMV) Bacteriophages, herpes virus and SV 
40, polyoma virus (cancer-causing) are some of the DNA viruses. 

19 5 LIPIDS 

It is possible to break cells, empty their contents and isolate only the cell membranes. 
Chemically, the cell membranes are made up of molecules, very different from 
carbohydrates, proteins and nucleic acids. These are the LIPIDS. They differ from the 
other class of molecules in that they are relatively water-ins oluble, but solubleTm 
organic_solvents such as chloroform and ether/yAXE sArRJGLYCERID E& and(£HD- 
^ SPHOLiPT&^ .are the major naturally occurring lipids ^axbsjTre cT tcfs~of~long~cIiafm > 
(fatty acid s- "With long chain alcohols, for example, beesTvax upSyricfF pahhitatg^ 
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CH3(CH2)u~C- 0(CH2)29CH3 A wax coat protects surfaces of many plant leaves 
O 

from water loss and attack by micro-organisms. Waxes are used in car and floor 
polishes. The triesters of fatty acids.jyith glyceroj_are kno wn.. v as triglycerides 
These are the major components ofanimal fats and vegetable oils’ ) 
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Triglyceride 
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At room tempera ture, fats are s_olids whereas oils a re, l iquids Triglyceride s 
containing dQsaturated fatty acids such as oleic and linoleic acids are generally'o'ih,h 
those with saturated fhf!v~acids arF v T^7~ Hydrog enation of double bondlTTn the 
presence of jTj igtalVst converts oils into fats. T his is a commercially importan t 
proce ?^~Tn~TKe~nianufacture ofO PanaspatiT Siee^ Oils and fats, being esters, can be 
hydrolysed by alkali This process is called saponification and results in the production of 
alkali salts of fatty acids. These are nothing but detergent soaps Soap is made by heating 
EeeTtallow or coconut oil with ah excess-nf~afka h 

The lipids constituting the major components of cell membra nes are PH OS- 
PH OLlPlD S_T thosnholini ds are derived from <S vCErorin which two of the hydroxyls~ - 
fttTinked to fatty acid~mo kcSl£s and' ^fTh irrl hvrimxvf isiinkedllmlF^holatote^ 
residue. The occurrence of various lipids, along with a few specific proteins give cell 
membranes unique structures to effectively perform their function. The function of 
the proteins in membranes is to facilitate the transport of ions and molecules in and 
out of the cell. The cell membranes are highly selective barriers which allow the 
nutrients to enter and the waste products to leave the cell 


EXERCISES 


19.1 Give a source and use of 1 (i) starch, and (li) cellulose 

19.2 What is the basic structural difference between starch and cellulose 9 
19 3 What is an amide bond 9 
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19.4 What is a peptide bond? 

19.5 List three functions of proteins in the body and write a sentence about each. Give an 
example of each. 

19.6 Name two important secondary structural forms for a protein, Give examples of each. 

19.7 What is the difference between normal haemoglobin and sickle cell haemoglobin? 

19 8 What happens when a protein is denatured? 

19.9 Write a short note on enzymes. 

19.10 Write the basic structure of a nucleotide. 

19.11 (i) How does DNA differ from RNA with respect to - (a) sugar, and (b) base 

residues? 

(ii) Classify the following into purine or pyrimidine bases, sugars, lipids, proteins and 
carbohydrates' 

thymine, adenine, triglycerides, deoxyribose, uracil, ribose, starch, guanine, 
sucrose, cytosine, haemoglobin, carbonic anhydrase. 

19 12 What type of bonds hold a DNA double helix together? 

19.13 Which of the following base pairs are found in DNA and which of them in RNA? 

(i) A:A, (ii) A:T, (iii) C G, (iv) G:C, (v) G:A, (vi) A:U, (vii) G:U, (vii) A:C 

19.14 If one strand of DNA has the sequence—ATGCTTGA—what is'the sequence of the 
complementary strand 1 

19.15 Consider a double helix. Are the base pairs: 

(i) part of the backbone structure, (ii) inside the helix, or (iii) outside the helix. 

19 16 What is a gene? 

19.17 What is a triplet? 

19.18 What are the two types of organic compounds that are produced when waxes are 
hydrolysed? 

19.19 What are the saponification products of the following triglycerides? 

CH 2 -0 -C-(CH 2 )mCH 3 

11 

0 

CH-0-C-(CH 2 ),oCH3 

0 

CH 2 - 0 - C -(CH 2 ) 7 CH = CH - (CH 2 )7 CHs 
II 


19 20 What happens chemically, when an oil is hydrogenated? 
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PHYSICAL CONSTANTS 


Constant 

Symbol 

Value 

Atomic mass unit 

u 

l 660 56 X L0' 2 kg 

Avogadro constant 

No 

6 022 05 X 10 23 mol' 1 

Boltzmann constant 

R 

k - - 
No 

1.380 66XJ0 -23 JK' 1 

Elementary charge 

e 

1.602 19 X 10~ 19 C 

Faraday constant 

F= N 0 e 

9 648 46 X10 4 C mof 1 

Gas constant 

R 

8 314 41 J K~' mof 1 



0 082 06 L atm K' 1 mof 

Mass of an electron 

m= 

9 109 53 X10 -31 kg 



5 485 80 X 10” 4 w 

Mass of a neutron 

m n 

1.674 95 X10' 27 kg 



1 008 66 u 

Mass of a proton 

m p 

1 672 65 X 10' 11 kg 



1 007 28 w 

Planck constant 

h 

6.626 18X10' 34 J s 

Speed of light 

c 

2.997 924X10* ms' 1 
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ANSWERS TO SOME SELECTED PROBLEMS 


13 (i) 0 0561 

0i) 325.23 

(in) 104 

19 (b) 3 3 g 

111 (i) 31 3 X10 74 atoms 

(u) 13 atoms 

(lti) 78 x 10 33 atoms 
1.12 8 03 X 1Q~ 2 mol 

1.14 1 33 X JO 31 magnesium atoms 

3.2 (i) Pressure = P atm 

Temperature = t°c 
Density = d gem"’ 

Number of moles = n/4 

(ii) Pressure — P atm 
Temperature — t a C 
Density — d gem" 3 
Number of moles = n/2 

(iii) Pressure = 2 P atm 
Density = 2d g cm -1 
Number of moles = 2n 
Temperature — t°C 

3 3’ (i) Number of moles in flask A = 8 X number of 

moles in flask B 

(li) Pressure in flask A — 4 X Pressure in flask B 
(in) Flask B 

(iv) Flask A 

3.13 0 368 nm 

4.1 (i) 1,10 X10” electrons 

(ii) 5.48 X10" 4 g 

(m) 9,63 X10 4 C 

4.5 589-nm 

4 8 (a) Is 

(b) 2s 

(c) 3p 

(d) 4d 

(e) 4f 

B.6 330 kJ mol' 1 

8 7 (i) 2.34 X 10 s kJ 

(u) 3.2BX (0 s kJ 

(iii) 29% 

8.9 (i) 400 g 

(ii) 31 kg/year 

8 10 6 5 days 
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9 6 


3 X 10' 7 mol L~‘ 

99 


0 666 

9 10 


0 068 mol -1 

9 11 


yes 

9 14 

(0 

LCHjCOOC 2 H 5 ] [H 2 OJ 

Q [CHjCOOH] [C 2 H 5 OH] 


00 

3 92 


(HI) 

The value of Q is not equal to equilibrium 
constant Therefore, equilibrium is not 
attained. 

9.16 

0) 

11 47 


00 

2 89 

9 19 


pH = 4 5, [OH ] = 3 3 XI0~ 1Q mol L 1 ; The solution is acidic 

9 20 

(0 

1 06 


00 

11.7 

9 22 


4 087 X I0' 11 

9 23 


Since ionic product is larger than the Ksp 

(1 7 X 10~ 6 ), therefore precipitation of BaF 2 should occur 

10 7 

00 

Cr(s)-Cr'* (aq) + 3e“ (anode reaction) 

I 2 + 2e (cathode reaction) 

2Cr(s) + 3I 2 -2Cr 3 ' + 6F (net reaction) 

10 8 

0>0 

Cu(s) / Cu J+ (aq) and (vi) Ag(s)/Ag* (aq), if these two half cells are combined, the total 
EMF would be 0 46V 

10.9 

00 

0 116V 

10.10 

(0 

Au 3 *, MnOH (aq), F 2 (g) 

10.12 


Oxidation number of elements in CsHuOs is as follows. 

C=0, H=+l,0 = -2 

18.3 


CiH 8 N 2 0 

18.4 


CjHiN 

18.7 


C 6 H.,C1i 

18,8 


c 6 h 5 no 2 

18T0 


C7H60 2 



